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Increased agricultural activities are causing eutrophication in downstream water bodies. To mitigate 
nutrient leaching from cropland, various in-field and edge-of-field practices have been implemented. 
One such measure, the two-stage ditch (SD), with wider vegetated terraces than a traditional 
trapezoidal ditch (TD), is meant to slow down water flow, thus enabling sediments to settle and 
nutrients to be biogeochemically processed. The stability and nutrient removal of the SDs are being 
studied recently, but the influence of existing in-field drainage on the functionality of SDs, 
especially during high flows, has not been considered yet. It is especially important to learn the 
source and transport of nutrients and suspended sediments (SS) in the drains so that suitable in-field 
practices can be implemented.  
This study included collecting grab samples from all the active subsurface drains and tributaries, 
lab analyses for concentration (mgl-1) and loads (mgs-1) of four: ammonia-nitrogen (NH4N), nitrate-
nitrogen (NO3N), orthophosphate (PO4P), total phosphorous (TP), SS and dissolved organic matter 
(DOM) indices. Contribution from individual drains and tributaries were estimated with an attempt 
to explain the source of the inputs by SS and DOM indices. The retention of the nutrients and SS in 
the SDs for each month and the influence of the drains and tributaries in terms of input % were also 
calculated.  
The results showed that drains in clayey soil had loads (mgs-1) accounting for 87% of PO4P 
(SD1) and 78% of SS (SD3) of the total input to the SD. However, in terms of concentrations (mgl-
1), land use played an important role where sites with higher agricultural land use contributed with 
NO3N concentration up to 300% higher than (SD8) than the SD.  
 DOM indices of drain water showed that the months following snowmelt between January and 
March had highly humified, aromatic compounds from terrestrial sources. The DOM stored 
nutrients and they were decomposable. This period saw a net nutrient/SS addition in SD downstream 
to an extent of -256% (SD3: January NO3N) and -387% (SD5: March SS) in several SDs, potentially 
due to less vegetation, high flows, decreased denitrification rates, and erosion from the banks. April 
and May had a change in DOM in drains with more microbial-like, low MW compounds. While the 
months included cropping season with fertilization and its direct effects on the drain concentration, 
the removal rate of SDs was high in most cases, possibly due to active terrace biota.  
The impact from drains and tributaries were detrimental in two situations: when high loads of 
nutrients and SS interfered in subsequent removal by the SD (SDs 1 and 3), when high 
concentrations were combined with unstable SDs that couldn’t effectively reduce the inputs (SDs: 
3, 5, and 10). To avoid further leaching to downstream ecosystems, future studies should consider 
techniques to reduce erosion by strengthening the terraces and reduce leaching from drains by 
effective in-field management.     
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The Baltic Sea is undergoing eutrophication by multiple sources, agriculture being one of them. The 
net result of this nutrient loading has led to decreased stability in the aquatic life cycle and the 
communities dependent on it. The European government has passed many initiatives to deal with 
this problem, notably the Water framework directive, which directly targets nutrients such as 
nitrogen (N) and phosphorus (P), that is being leached from the agricultural fields.  
This study focused on one of the ways N and P can leach from a field and end up in the rivers 
and seas: artificial drainage. The study included measurement of N (Nitrate NO3N and Ammonia 
NH4N), P (orthophosphate PO4P and total phosphorus TP), suspended sediments (SS) and dissolved 
organic matter (DOM) indices. Out of these, SS and DOM can store and transport the nutrients and 
thus, gave information about the source and transport of the nutrients through the drains. The study 
was done between January and May. The two-stage ditch (SD) is an upcoming idea to be constructed 
in agricultural fields as an outlet for the drains and tributaries, in addition to transporting the water 
downstream. An SD would contain a wide, vegetated terrace, which would slow down the water, 
giving enough time for the SS to settle down or the nutrients to be removed by plants and microbes. 
This study also tried to evaluate if the SDs can achieve this by calculating the amount of NO3N, 
NH4N, PO4P, and TP, which is reduced by 7 SDs in central and southern Sweden. 
The results showed that SDs 1 and 3 had the highest influence on the functioning of an SD with 
87% of PO4P in SD1 and 78% of SS in SD3 inputs coming from the drains and tributaries. When 
the loads (mgs-1) were less, the drains and tributaries can still interfere in the functioning of an SD 
with high concentrations (mgl-1). For example, SD 8 had a 300% difference between concentrations 
of drains and the SD. This could put high pressure on the functioning of the SD. When the nutrient 
and SS reduction was calculated, SDs 3, 5, and 10 had net negative removal with an increase of -
256% (SD3: January NO3N) and -387% (SD5: March SS).  
From the DOM, it was seen that January leached highly complex (humic) compounds which 
have been accumulating in the field over winter and leaching out nutrients in the form of snowmelt. 
April and May had comparatively smaller compounds, that could be easily decomposed to release 
nutrients. The smaller compounds are formed because of cropping in the neighbouring fields.  
The study showed that the drains and tributaries can be an interference to functioning of the SD 
if they contain high concentrations of the nutrients and SS or if they bring in high loads themselves. 
The ways to avoid the high leaching must be done on the field, by either decreasing the quantity of 
fertilizers used or by reducing harmful management practices, such as tillage, which would cause 
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The onset of water pollution is generally linked to the rapid population growth 
following the industrial revolution in the mid-19th century (Markham 2019). There 
were various concerns that the direct effects of fossil fuels, growth in food 
production, and intensive manufacturing were seen in the degradation of the air and 
water quality. However, there was no action taken until a century later in the US. 
The Clean Water Act of 1972 (US EPA 2013) was the first piece of official 
legislation that came as a victory to the decade-long battle initiated by an 
environmental movement. Since then, most countries have come up with their own 
environmental laws and amendments notably the EU’s Water Framework Directive 
(2000/60/EC) and the Chinese Water Law of 2002 (Ravesteijn et al, 2009).  
The continuous monitoring and research of the world’s water bodies since the 
above legislation, have led to a much better understanding of the sources of 
pollution. On one hand, urbanization and rapid growth of the manufacturing sector 
have caused a multitude of problems such as domestic and industrial effluent 
discharges, smokestacks-borne particulate matter, and excessive freshwater 
abstraction (Likens et al. 1979; Wang et al. 2008; Talabi & Kayode 2019). 
However, the remediation for these point sources could be implemented locally and 
on a smaller scale. The challenge lies in the activities where there are no single 
source of pollution and thus, no simple solution for a safe countermeasure. One of 
the toughest issues regarding the water pollution crisis has been found in the 
farming sector (Evans et al. 2019).  
Agriculture has been experiencing a production boom since the introduction of 
mechanical tools, fertilizers and improved crop breeding in mid 1900s (Passioura 
2002). Combined with the industrial revolution, technological advancements in 
terms of health and sanitation, improvement in people’s standard of living, the 
world has seen an increase in population and food demand (Smil 1999; Steckel & 
White 2012). As a result, land use has changed dramatically in the world and led to 
an intensification of agriculture, both in terms of farming area and methods. For 
example, Davidson (2014) showed that about 56.3% of wetlands in Europe have 
been drained since 1900. Wetlands have been known to have fertile soils and by 
laying effective drainage systems (open and subsurface), the land becomes highly 
productive (Verhoeven & Setter 2010). The same principle could then be applied 







to areas of high seasonal precipitation to unlock even more potential farming sites 
(Valipour 2014). 
The positive and negative effects of drainage have been extensively studied. 
While drainage pipes/ditches improve water infiltration, they have been also 
responsible for increased nutrient leaching from soils to the downstream water 
bodies (Janse & Van Puijenbroek 1998). Although in-field drainage systems have 
become crucial in a commercial agriculture, the focus has now turned to 
conservation ideas. For reducing nutrient leaching, both ‘in-field’ and ‘edge-of-
field’ practices have been established (Christianson 2018).  For example, cover 
crops and non-inversion tillage or even limed tile drains are some in-field practices 
(Cooper et al. 2017).  
Edge-of-field practices are applied on the waterways that run along multiple 
fields. Some measures include field border, filter strips, or riparian forest buffers 
(Dabney et al. 2006). The most effective form of remedy would be to combine the 
two types of measures as the approach converts farming from being a big, non-point 
source of nutrients to multiple steps of quantifiable point sources. 
The two-stage ditch (SD) is an edge-of-field remediation method for improving 
water quality. It is a modification of a traditional ditch (TD) where the in-field 
drainage ends. An SD has wider vegetated terraces (floodplain) compared to the 
TD. The idea is to give enough retention time for the water flow to slow down, 
causing the sediments to settle down on the terrace and the nutrients to be removed 
(Davis et al. 2015). For nitrogen, it occurs by an accumulation of organic matter 
leading to enhanced denitrification rates, flooding of water on the terraces causing 
a rise in absorption by plants and other organisms. For phosphorous, it occurs by 
settling of sediment-bound P, leading to an increased availability for plants and 
other organisms (Powell & Bouchard 2010). 
  
 Aim 
The main aim of this study is to understand the role of the drainage systems 
in controlling the water quality and functioning of the two-stage ditches. 
The study took place in 10 catchments spread around central and southern 
Sweden, varying in climate, soil type, land use, and crop management practices. To 
understand the role of drainage systems on the functioning of the SDs, the following 
questions were evaluated: 
 What is the role of drainage inputs on nutrient (N and P), sediment, and 







 Can the concentrations of suspended sediments (SS) or the character of 
dissolved organic matter (DOM) provide any information on the sources 
of pollutants? 
 Are there any spatial or temporal variations between the studied sites, 







 In-field drainage systems 
The concept of agricultural drainage is very old. Valipour et al, 2020 investigated 
the evolution of agricultural drainage and stated that the earliest evidence of 
artificial irrigation and drainage was found in Iran dating around 4000 BC. The 
design underwent various developments over time in different parts of the world 
based on purpose, geography, and level of technological expertise. In Europe, 
subsurface tile drainage was introduced in Maubeuge, France in 1620 (Valipour et 
al. 2020). As of 2019, about 200 Mha in the world was artificially drained and a 
further 450 Mha was expected to benefit from improved drainage (Castellano et al. 
2019). Agricultural drainage has a multitude of benefits ranging from prevention of 
waterlogging, improved infiltration, improvement in crop yield, field trafficability, 
reduction in nitrous oxide emissions, and control of soil salinization (Sims et al. 
1998; Castellano et al. 2019). While drainage is also linked to losses of soil organic 
carbon (SOC) and increased nitrogen and phosphorous leaching, it can be 
ameliorated by better management practices (Castellano et al. 2019).  
Drainage in Sweden has existed since the 1500s. It became prominent at the end 
of the 1800s when the lake Hjälmaren was lowered by 1.3 m creating 15000 ha of 
cultivable land (Jacks 2019). While open ditches were preferable in the initial days, 
subsurface tiles are gathering more popularity now. Between 1927- 2016, the land 
drained by tile drainage increased from 910 960 ha to 1 221 680 ha. That is about 
47% of the total arable land (Grönvall 2017). According to a survey by the Swedish 
Board of Agriculture, 12% of the Swedish arable land needs new tile drainage and 
a further 12% needs refurbished tiles (Grönvall 2017). 
 Drainage design 
Artificial drainage in each field is designed based on specific conditions to ensure 
the best results in terms of productivity and the least impact on the surrounding 
environment (Gramlich et al. 2018). Most countries have laws regarding drainage 
as it involves a transfer of water from the owner’s land to a common area, such as 







streams or rivers. Once the permit is obtained, the most common factors to be 
considered before installation are the climate (precipitation and 
evapotranspiration), field topography, water table depth, soil properties, and the 
planned farming activity (crops and growing season). The drainage capacity 
(mm/day) is then fixed based on how moist the soil is required to be and the drain 
design parameters, including the subsurface drain material, size, depth, and spacing 
are finalized (Schiechtl 1985). It is interesting to note that one or more of the 
installation factors can have contradictory effects on the drain parameters and 
hence, the decision is made to achieve a suitable balance. For example, while 
shallower drains might drain excessively causing drought in the crop root zone, one 
study found that deeper drains proved to be ineffective in clayey soil since a 
compacted top layer blocked the water from being drained (Harris et al. 1984). 
Here, the decision for drain depth and spacing would be made based on where the 
water table lies.  
 
 
Figure 1 Drain design at the outlet from SD3 
A typical design at the outlet is shown in Figure 1. The drain exits from the field, 
surrounded by bedding material, typically made of gravel, which slows down the 
flow and prevents erosion of the terrace. The drain lengths are adjusted so that water 
flows directly on a grassed strip (here, vegetated terrace of the SD), which is 
expected to reduce some nutrient and pesticide concentrations before they enter the 
SD (Haddaway et al. 2016).  
From the standpoint of water quality in the recipient streams, drains are an 







can also be a good way to understand the effects of in-field management practices. 
For a fully installed drainage system, the parameters that are directly linked to 
nutrient transport include the discharge, SS, and dissolved organic matter (DOM) 
found in the water samples, and their roles will be discussed in the following 
chapters.  
 Composition of the drainage water 
 Nutrients and discharge 
Drainage improves water infiltration from the field leading to a higher total annual 
discharge than undrained soils (Gramlich et al. 2018). An increase in subsurface 
drainage, however, affects the nutrients differently. A study conducted on clay soils 
showed that an increase in subsurface drainage discharge decreased the amount of 
orthophosphate and total phosphorous through sediment retention but increased the 
amount of nitrate leached as dissolved fraction (Turtola & Paajanen 1995). The 
amount of nitrogen leached was especially higher in dry years during precipitation, 
which showed that soil nitrate levels could accumulate from soil mineralization or 
fertilization and flush out at once (Randall & Mulla 2001). The amount of 
phosphorous leached varied with respect to different forms. The major phosphorous 
compounds in drain water broadly fell under 6 categories including dissolved 
(filtered) and undissolved (unfiltered) forms of reactive, unreactive, and total P 
(Haygarth et al. 1998).  One study found that an increase in subsurface discharge 
led to an increase in dissolved phosphorous but a reduction in total phosphorous 
(TP) levels (Sharpley & Syers 1979). Particulate phosphorous, a part of the 
undissolved fraction, was adsorbed to or embedded within sediments and as there 
was a reduction in sediment movement through the soil profile, it led to reduced P 
leaching (Hansen et al. 2002). However, the level of TP transported through open 
drains/runoff generally increases with an increase in discharge (Algoazany et al. 
2007). 
 Nutrients and suspended sediments 
The drain water conveys nutrients in two forms: particulate and dissolved fractions 
(Ritzema et al. 1996). SS are an important part of water quality analysis as a 
medium of transport for adsorbed nutrients and harmful toxins. SS can include 
flocculation of microbes, organic and inorganic particles (Droppo 2001). In 
addition to the potential of pollution, the loss of sediments may also affect the flow 
of the receiving stream over a period of time (Schwab et al. 1980). In large surface 







continuous water flow, leading to high costs (Powell et al. 2007). In order to take 
effective control measures for sediment loss, quantification and source tracking are 
important steps to be considered (Rügner et al. 2013).  
SS can be measured from water samples by many methods including filtration, 
centrifuge, and electron microscopy (Schwab et al. 1980; Ball Coelho et al. 2012). 
One of the convenient and inexpensive ways to calculate it on-site or periodically 
is by measuring turbidity instead (Gippel 1995). Turbidity and SS have been found 
to be linearly correlated to each other (Packman et al. 1999; Skarbøvik & Roseth 
2015; Villa et al. 2019).  
Open drains (tributaries) usually contain higher sediment concentrations in 
comparison to subsurface drains due to erosion of the ditch’s sides through quick 
overland runoff (Blann et al. 2009). But subsurface drains also have a potential for 
high sediment delivery, especially during high flows by means of macropores in 
the soil and regions with high clay content, by means of clay shrinkage pores 
(Chapman et al. 2005). The net effect of increased sediment loss in drains is usually 
associated with an increased total phosphorous (TP) (Lannergård et al. 2019) and 
ammonium transport (Wang et al. 2010). This increase is expected, given the highly 
adsorptive property of phosphates (Agudelo et al. 2011) and ammonium (NH4) ions 
(Ghane et al. 2016).  
 Dissolved Organic Matter 
The Dissolved organic matter (DOM) fraction is very versatile, and often 
responsible for leaching highly reactive and bioavailable nutrients to the 
downstream water bodies (Heinz et al. 2015). The source of DOM can be from 
existing soil organic matter, release from sediments, exudation from macrophytes, 
or microbes such as algal cells and bacteria (Stedmon & Markager 2005). 
Depending on the type of organic matter, it can further degrade to release the bound 
compounds or store valuable plant nutrients in recalcitrant form for a long time 
(Carlson & Hansell 2015). 
DOM is generally classified as protein-like or humic-like compounds (Hudson 
et al. 2007). Protein-like compounds include labile, small-sized amino acids such 
as tryptophan, tyrosine, and phenylalanine, which are considered to be freshly-
produced, of microbial origin, or at least in easily bioavailable form (Cammack et 
al. 2004). That makes this type of DOM easily decomposable to release nutrients. 
Humic-like compounds include big, complex organic molecules that were produced 
by oxidation of carbohydrates, lignin, proteins of dead organisms, and exudates 
from living organisms (Elkins & Nelson 2001). Humic substances are less 
biodegradable than protein-like compounds but in aquatic systems, they can be 
gradually degraded by light or microbes (Hutchins et al. 2017). They are also less 







called humification, the protein-like compounds can become converted to humic-
like compounds (Schnitzer & Monreal 2011). 
Types of DOM have been distinctly analysed and studied using absorption 
emission spectrometry for many years (Coble et al. 2014). DOM contains 
compounds called chromophores, that absorb light and fluorophores that absorb and 
re-emit light. Depending on the specific wavelength of the light, that is absorbed 
and emitted, it is possible to identify different carbon fractions (Hudson et al. 2007). 
For example, compounds containing benzene rings have a UV absorbance peak at 
254 nm, making this wavelength an indirect measure of aromaticity (Weishaar et 
al. 2003; Holc et al. 2018). In terms of absorbance, humic-like compounds have 
absorbance peaks at a longer wavelength than their protein-like counterparts, 
probably due to an increase in molecular weight (MW) and aromaticity (Baker & 
Inverarity 2004). Surprisingly, Helms et al. (2008) also saw a decrease in low MW 
compounds in terms of microbial degradation, which could mean that microbes 
prefer to degrade smaller aromatics first. This study focused on three absorption 
ratios: Spectral slope (SR), E2:E3, A254 and three fluorescence indices: 
Fluorescence index (FI), Freshness index (BIX) and Humification index (HIX), 
whose values and brief interpretations are summarised in Table 4. 
 Nutrients and Dissolved Organic Matter 
Different combinations of absorption and fluorescence indices indicate different 
origins of DOM, which are useful in understanding nutrient interactions. Studies 
have shown that a high A254 ratio (Castan et al. 2020) and a high HIX (Hudson et 
al. 2007) are an indication of increased adsorption sites. As phosphates can adsorb 
to organic surfaces and make up particulate phosphorous (PP) (Hansen et al. 2002), 
PP may correlate to samples with increased aromatic compounds. Dissolved 
reactive phosphorous (PO4P) is usually found to be associated with more protein-
like compounds (high FI) with low aromaticity (Coble et al. 2016). A similar trend 
is also found in the nitrogen cycle. A study done in a forested stream found that 
DOM of terrestrial origin (low FI) and high A254 led to increased transport of 
ammonia (Coble et al. 2016). Nitrate, on the other hand, is correlated more with 
DOM of microbial origin (high FI) and high A254 (Tiefenbacher et al. 2020), 
because these labile carbon compounds are rapidly mineralized by microorganisms. 
Additionally, one study found that dissolved organic nitrogen (DON) is released 
from soil during fertilization (Kalbitz & Geyer 2002) which constitutes an 







 Spatial and temporal variation  
Spatial variation in nutrient transport can be attributed to various factors such as 
catchment properties (size, geomorphology, intensity of land use), physical 
conditions (climate, soil type, runoff) or management conditions (proportion of 
arable land, fertilization, regional laws; Gelbrecht et al., 2005). It is difficult to 
include all the factors, so this study focused mainly on the influence of soil 
properties, % of agriculture, and drain type on the turbidity, DOM, and nutrients of 
drain water (Table 2, Table 6).  
On a general basis, SS in runoff water correlates with both turbidity and clay % 
of soil (Udeigwe et al. 2007). Higher agricultural land use increased the release of 
nitrogen and phosphorous in comparison to forests (Correll et al. 1992). 
DOM indices show the temporal differences that can be linked to a change from 
a period of low to high activity in terms of living organisms. HIX is generally low 
(terrestrial sources) during snowmelt and the value increases (microbial sources) in 
summer (Miller et al. 2009). E2:E3 ratio, which relates to molecular size, is 
expected to increase from winter to summer (Macdonald & Minor 2013). A254 is 
high around snowmelt and is expected to start decreasing towards summer as more 
labile compounds are produced and high decomposition begins (Miller et al. 2009). 
With respect to turbidity and nutrients in the drains, generally the concentrations 
follow the discharge values (high during snowmelt and rainfall events) but a 
detailed study has found individual hysteresis curves specific to each nutrient and 
turbidity (Ulen 1995). Additionally, nutrient concentrations in individual sites can 
go up rapidly during storm events following long periods of drought, especially 
when the field soil has a high stored nutrient level from past management practices 
(Bieroza et al. 2019). Nutrient concentrations can also go up when the neighbouring 
field is fertilized (Di & Cameron 2002). 
 Two-stage ditches 
The two-stage ditch was a part of the best management practices (BMP) to replace 
a traditional ditch that already existed (Figure 2). One of the oldest designs for the 
two-stage ditches was first introduced in the US Midwest in around 2003 (Ward et 
al. 2004). A part of the existing riparian zone, which included a grass buffer strip 
was dug out to make a vegetated channel bed (Mahl et al. 2015). During high flows, 
it was expected to spread out the water to a bigger area, slow down the water flow, 










Figure 2 Difference between a TD and an SD (Mahl et al. 2015) 
The advantages of the SD can be summarized as following (Table 1)  
 
Changes made to TD Expected improvement 
Wider ditch Increased water-holding capacity, less flooding during high 
flows (Hodaj et al. 2017) 
Gradual sloping- introduction of 
terraces 
More stability, less erosion and prevention of bank 
collapse (D’Ambrosio et al. 2015) 
Providing by-pass for tile drains on the 
vegetated terraces 
Adsorption of N and P by DOM, SS                      Intake of 
nutrients by plants and microbes Settling of sediments by 
vegetation (Davis et al. 2015; Mahl et al. 2015) 
Baseflow during dry periods and high 
flow during wet periods 
Self-cleaning: Redistribution of sediments during the high 
flow, less accumulation in the furrow, lesser need to 
dredge sediments (A.D. Ward et al. 2004; Powell et al. 
2007) 
 
One study found that some of the biggest factors that could affect nutrient 
removal in an SD include a change in oxygen concentration, organic matter content, 
residence time, and discharge (Hodaj et al. 2017). The concentration of nutrients 
and turbidity in the drains and tributaries comparing with the SD could also 
influence the removal by an SD, especially during a low-flow period, when the 
terrace is not flooded and the pollutants could escape as base flow (Mahl et al. 
2015).  Agricultural drains can make changes to organic matter composition, daily 




Table 1 Design changes made in the SDs and its improvements in terms of maintenance, stability 







 Site Description  
The study was conducted in constructed two-stage ditches in ten agricultural 
catchments of central and southern Sweden as shown in Figure 3. The regions 
varied in soil type, land use, climate, and the age and design of the SDs (Table 2). 
SDs 1-5 had a clayey silt soil, which changed to silty sand in SDs 6-9 and 
predominantly sandy soil in SD10. Average annual precipitation was around 
600mm in most sites but SD10, which is situated in south-west coast, had a higher 
precipitation of 853mm. While SDs 3, 6, 7, 8, and 9 had intense agriculture in the 
catchment level, all the SDs were located in agricultural fields. The design of SDs 
were with terraces that was one-sided (SD 4), two-sided (SDs 1, 2, 8) or mixed (5, 
6, 7, and 10).  
  
 
Figure 3 Ten catchments SD1 to 10 that was studied in this project 







Out of the ten sites, samples were not taken in three, where the subsurface tiles 
were submerged under the stream (SD2, SD4 and SD6) and not included in this 
study. SDs 1, 5, 7, and 9 had tributaries joining the SD. All the other drains were 
subsurface drains of varying diameters (between 10 and 48 cm). They were made 
of brick tile, concrete, or PVC. All the drains were conducting water by gravity and 













Clay Silt Sand Agri. Others 
SD1 597 43 43 14 16 84 340 0.025 Feb, Mar, 
Apr, May 
SD2 597 34 48 18 27 73 730 0.032 None 
SD3 577 40 40 20 70 30 1500 0.011 Jan, Mar, 
Apr, May 
SD4 628 36 37 27 35 65 350 - None 
SD5 628 29 40 31 38 62 750 0.023 Mar, Apr, 
May 
SD6 698 18 41 41 84 16 400 0.077 None 
SD7 691 23 38 39 81 19 750 - Mar, May 
SD8 691 19 35 46 81 19 890 - Mar 
SD9 597 18 32 50 86 14 630 0.079 Mar, May 
SD10 853 8 19 73 58 42 1760 - Mar, May 
 
The sampling period in 2021 included a snowmelt (January) and a large rainfall 
event (May). To quantify the magnitude, precipitation for SD3 was plotted (Figure 
4B). The other sites, while differing in exact quantity, had similar flow pattern. In 
addition, the long-term precipitation for the season between January and May was 
plotted to check if the year of study, 2021 was representative in terms of wetness. 
 
Table 2 Information on catchment properties, including length and median flow of each SD and 
sampling months. The SDs are ordered from North to South. Stream flow are from measured 











Figure 4A) 10-year seasonal precipitation (between January and May) in SD3 (Nearest weather 
station Gustorp) B) Precipitation and air temperature between January and June 2021. The 
sampling dates are marked with a line. A precipitation with negative temperature meant snow fall 
and intact snow cover. A precipitation with a positive temperature would have led to high flow in 
the SDs. 0°C line is drawn from the secondary axis (Source: 
https://www.smhi.se/data/meteorologi/nederbord/) 
 Sampling and field measurements 
The fieldwork was carried out in specific SDs between January and May 2021 
(Table 2) and the grab samples were collected and analysed for NH4N, NO3N, 
PO4P, TP, turbidity, and absorbance fluorescence. Flow (ls
-1) for the drains was 
calculated by taking the time taken to fill a 250ml bottle. For one drain SD3_D23.5, 
which was too big and had a very high flow (<1s to fill the bottle), the depth of 
water level, the diameter of the drain, and velocity of flow (ms-1) were measured, 
and the flow was calculated using the AUTOCAD web app (Figure 5).  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑚3𝑠−1) =  𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚𝑠−1) ∗ 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑚2)  
𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎(𝑚2) =
1
8









Figure 5 Calculation of angle for measured water depth (Source: AutoCAD web app) 
 Flow in all the SDs and tributaries was measured using a portable acoustic 
doppler velocimeter (Flowtracker 2, Sontek). The turbidity of the SDs (in FNU) 
and tributaries were measured using a multiparameter handheld sensor (ProDSS, 
YSI). The SDs concentration and flow values were measured at the upstream 
(SDup) and downstream points (SDdn) on the sampling dates, which were taken as 
the inlet and outlet readings for the mass balance. The tributaries were sampled just 
before the intersection with the main SD, to account for complete input to SD. 
 Laboratory measurements  
The concentrations of nitrate-nitrogen (NO3N) and nitrite-nitrogen (NO2N) were 
measured together by ISO 1996, but this study took the whole value as NO3N as 
the amount of nitrite present was negligible. The concentration of ammonia-
nitrogen NH4N (ISO 2005), dissolved reactive phosphorous PO4P (ECS 1996), and 
total phosphorous TP (ISO 2003) were analysed within 7 days of fieldwork. 
Turbidity (in NTU) was measured from a 40 ml with a spectrophotometer (2100AN 
turbidimeter, Hach Lange). The turbidity measurement is listed only for the 
unfiltered sample as the turbidity values measured for the filtered solution (0.45μm 
filter) were typically <0.5 NTU, which falls within the error range. The 
turbidimeters used in this study, works on the principle of measuring the scattering 
of light by suspended particles (Gippel 1995). The Pro-DSS measured turbidity in  
Formazin nephelometric unit (FNU) and the turbidimeter used Nephelometric 
turbidity unit (NTU), which are equivalent units and vary only depending on the 
instrument’s technology (Dogliotti et al. 2015) and so are considered equal in this 
study. Absorbance and fluorescence spectroscopy were analysed using an optical 
spectrofluorometer (Aqualog, Horiba) for both the unfiltered and filtered (0.45μm 







first and second order Rayleigh scattering with the Aqualog software before further 
data analysis (Coble et al. 2014). 
 Data analyses  
The drain locations were plotted in the open-source software QGIS 3.10 (QGIS.org 
2021) and all the graphs and statistical analyses was done in Microsoft Excel 16.0 
software. 
 Flow and Suspended Sediments 
To calculate SS, turbidity was used as a proxy. The relationship is site-specific 
and can be derived from previously measured, known values of turbidity and SS. 
All measured turbidity and SS values between January and June 2021 from the SDs 




Figure 6 Turbidity vs SS (mgl-1) for SD1 between January and May 2021 
 
 
Figure 7 Turbidity vs SS (mgl-1) for SD3 between January and May 2021 
 












SD1: Turbidity vs SS




















Figure 8 Turbidity vs SS (mgl-1) for SD5 between January and March 2021 
 
 
Figure 9 Turbidity vs SS (mgl-1) for SD7 between January and June 2021 
 
 
Figure 10 Turbidity vs SS (mgl-1) for SD8 between January and June 2021 
 
 
Figure 11 Turbidity vs SS (mgl-1) for SD9 between January and April 2021 
 












SD5: Turbidity vs SS












SD7: Turbidity vs SS












SD8: Turbidity vs SS





















Figure 12 Turbidity vs SS (mgl-1) for SD10 between February and May 2021 
 DOM indices 
Excitation emission matrix (EEM), which was transferred from the Aqualog 
software was then processed using a MATLAB script to obtain the DOM indices. 
Common excitation (absorption) and emission wavelengths for some compounds 
are given in Table 3.  
DOM-Type Component Ex (nm) Em (nm) 
Humic-like Humic-like 330-350 420-480 





One example is the humification index (HIX) which is calculated by taking the 
ratio of emitted light intensity between specific wavelength ranges at the excitation 
wavelength of 254 nm. 
𝐻𝐼𝑋 =
𝐸𝑚 435 − 480𝑛𝑚
𝐸𝑚 300 − 345𝑛𝑚 𝑎𝑛𝑑 𝐸𝑚 435 − 480𝑛𝑚
 𝑎𝑡 𝐸𝑥254𝑛𝑚 
This ratio gives the proportion of humic-like compounds in comparison to total 
(humic-like and protein-like) compounds (Table 3). As both compounds are 
aromatic, a common excitation wavelength of 254 nm is chosen. An example of 
absorption ratio, Spectral slope (SR) is a ratio calculated accordingly (Helms et al. 
2008). 




This ratio showed evidence of photochemical degradation in such a way that the 
SR increases on exposure to light, showing that there is a decrease in absorption at 
a longer wavelength. For the specific compounds that was of interest in this study, 
the ranges: Excitation Ex: 240-480 nm, Emission Em: 270-525 nm was used. The 
other indices were calculated and interpreted in a similar way (Table 4). 
 
  












SD10: Turbidity vs SS
Table 3  Excitation and emission wavelength of common DOM compounds with humic-like compounds 







Table 4  DOM indices and their interpretations, *Autochthonous: DOM produced in-situ; 
allochthonous: DOM transported from elsewhere  







1.4 (microbial) or 
1.9 (terrestrial) 













If the DOM is produced 
there (new) or 
transported from 







0 (labile) or 1 
(humified) 
If the DOM is protein-
based or humic-based 
Absorbance 
ratios 




Higher value -> 
More aromaticity 
If the DOM can adsorb 
a lot of nutrients 
E2:E3 ratio Compounds that 
undergo 
absorption at 
250nm to 365nm 




Smaller compounds are 
easy to decompose and 
carry less nutrients 
Spectral Slope 
(SR) 









If the DOM prefers to 
absorb at higher 
wavelength or not -> 
indication of MW 
 
 In addition, the indices were obtained based on different conditions, which are 
briefly summarized in Table 5. Each index was calculated by setting a fixed 
wavelength range suitable for different water samples: excitation-emission 
wavelength for fluorescence index and absorbance wavelength for absorption 
index. The analysis was done in MATLAB. 
Index Parameter Based on 
Fluorescence Index Em 470nm/Em 520nm at Ex 370nm (Cory & McKnight 
2005) 




Humification Index Between Em 435- 480nm/ Em 300-345nm 
and Em 435-480nm 
(Ohno 2002) 
A254 Abs 254nm (Weishaar et al. 
2003) 
E2:E3 ratio Abs 250nm/ 365nm (Peuravuori & 
Pihlaja 1997) 
Spectral Slope log transformed slope (275-295nm/ 350-
400nm) 
(Helms et al. 2008) 








 Mass Balance- Nutrients 
The removal rate in % (Table 8) for all the nutrients and SS was calculated with the 
input load (mgs-1) at SDup, load from the drains and tributaries (mgs-1), and output 
load at SDdn.  
 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒(%) 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡
=
((𝑆𝐷𝑢𝑝 (𝑚𝑔𝑠−1) + 𝐴𝑣𝑔. 𝑑𝑟𝑎𝑖𝑛𝑠 𝑙𝑜𝑎𝑑 (𝑚𝑔𝑠−1) − 𝑆𝐷𝑑𝑛 (𝑚𝑔𝑠−1) )
(𝑆𝐷𝑢𝑝 (𝑚𝑔𝑠−1) + 𝐴𝑣𝑔. 𝑑𝑟𝑎𝑖𝑛𝑠 𝑙𝑜𝑎𝑑 (𝑚𝑔𝑠−1)
∗ 100% 
 
The influence of drain in % was calculated based on the proportion of the total 
input load that was contributed by the drains/tributaries.  
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑜𝑓 𝑑𝑟𝑎𝑖𝑛𝑠 (%)𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡
=  
𝐴𝑣𝑔. 𝑑𝑟𝑎𝑖𝑛𝑠 𝑙𝑜𝑎𝑑 (𝑚𝑔𝑠−1)
(𝑆𝐷𝑢𝑝 𝑙𝑜𝑎𝑑 (𝑚𝑔𝑠−1) + 𝐴𝑣𝑔. 𝑑𝑟𝑎𝑖𝑛𝑠 𝑙𝑜𝑎𝑑 (𝑚𝑔𝑠−1))
∗ 100% 
 Statistical Analysis 
ANOVA 
The one-way analysis of variance (ANOVA) was done using the data analysis tool 
pack on Excel. Alpha value α was fixed at 0.05 and significance between two (or 
more) groups were checked to confirm if they varied between each other. 
Correlation 
The Pearson correlations for the nutrient concentrations (mgl-1) with SS (mgl-1) and 
DOM indices were calculated for all the SDs using the ‘Correlation’ data analysis 
tool pack on Excel. The significance of each correlation was checked using the 
regression analysis tool.  
In addition, the Pearson correlations between the nutrient concentrations (mgl-1) 








 Drain location 
The GPS locations of the identified drains and tributaries were marked. The maps 
could be used to trace the source of drains with highest nutrient and sediment 
concentrations. The map in Figure 13 is from SD1, which had one subsurface drain 




Figure 13 GIS map showing the drains of SD1 and the immediate field next to it. SDup and SDdn 
points mark the beginning and end point of the SD. The drains/tributaries with high nutrient 
concentrations are marked with * (Source: QGIS 3.10.14) 








The active subsurface tiles (drains) and tributaries during each visit were listed 
along with average discharge values in Table 6. It is to be noted that different drains 
were active during the visits, depending on the weather, topography, and the 
activity on the adjacent fields. SD3 had the greatest number of active drains in all 
the sampled months. SD1 has highest average discharge values in the drains due to 
high flow in the tributaries with highest values recorded in February and May (58.5 
ls-1 and 14.08ls-1).  
SD Month Total no. of identified 
drains 










1 Feb. 2 0 2 0 58.50 68.6 
1 March 3 1 2 1 4.78 25.5 
1 April 3 1 2 1 1.10 11 
1 May 3 1 2 1 14.08 108 
3 Jan. 2 32 0 15 0.12 23.7 
3 March 2 32 0 12 0.12 14 
3 April 2 32 0 14 0.08 22 
3 May 2 32 0 12 0.11 85 
5 March 3 11 1 3 0.64 87 
5 April 3 11 0 3 0.11 33 
5 May 3 11 0 3 0.07 98 
7 March 1 34 1 11 0.15 58.5 
7 May 1 34 0 3 0.05 14 
8 March 0 7 0 3 0.23 307.5 
8 May 0 7 0 0 0 120.5 
9 March 1 8 1 1 0.16 340.5 
9 May 1 8 1 3 2.53 95.5 
10 March 0 33 0 5 0.16 182 





Table 6 Average discharge values of all the drains and tributaries that were active during 
sampling. The discharge values of the SD (average of flow at SDup and SDdn) on the same day as 
sampling were also included. On a comparison between the SDs, the highest discharge was seen 







 Spatial Variation: Turbidity and nutrient 
concentrations 
 Turbidity  
The turbidity values measured from drains, tributaries, SDup and SDdn were 
studied. The turbidity values were used instead of SS as an overall measure of 
sediments, coloured chemical, and biological sources. As the turbidity varied 
between 0.18NTU (in SD8) and 1306NTU (in SD3), the graph was shown on a 
logarithmic scale (Figure 14). It was seen that the drains in SD3 and SD1 had the 
highest mean turbidity values in comparison to the other sites (Mean: 45.47 and 
153.68NTU). In addition, SD3 drains still showed the highest variation but there 
was also high variation in drains and tributaries of SDs 1, 7, and 9. Also it was 
possible to see that the mean turbidity within all the SDs was higher than the drains. 
However, the variation in the drains (and tributaries) were higher consistently 
(Figure 14). Turbidity values differed significantly between the SDs (one-way 
ANOVA, F = 13.49, p < 0.01).  
 
 
Figure 14 The turbidity values of all the drains and tributaries, SDup and SDdn points were 
plotted as boxplots to show the variation in the values, both within the SD and between each other. 
All samples taken between January and May 2021 in all the drains and tributaries were included; 
SD values include the corresponding turbidity values of both SDup and SDdn; Negative log values 
indicate turbidity values between 0 and 10 NTU  
 Nutrient concentrations 
The average concentration of NO3N, NH4N, PO4P, and TP from March 2021 for 







comparison as it was the only sampling month with samples from all the SDs. In 
addition, it included the start of fertilization and planting in many sites. From the 
concentration values of drains and tributaries in comparison to the SD-value, it was 
clearly seen that N values (NO3N) were generally higher in SDs 7-10 (Figure 15) 
and P-values were higher in SDs 1 and 3 (Figure 17 and Figure 18).  
From Figure 15, the average NO3N concentrations of the drains for March in 
SDs 1, 5, 7, 8, 9, and 10 were higher than the SD by 4%, 51%, 202%, 274%, 123%, 
and 234% respectively. Some drains reported values as high as 34.7mgl-1 
(SD7_D12), 33.9mgl-1 (SD8_D3), and 27.5mgl-1 (SD10_D8).  SD3 was the only 
SD with lower average drain concentrations for NO3N in the drain than the SD.  
 
Figure 15 Average NO3N concentration (mgl-1) for the all the drains in March 2021 (dark blue); 
NO3N values of the SD is the average of SDup and SDdn (light blue); Label indicates the 
corresponding values. 
The average NH4N concentration of the drains for SDs 3 and 9 were higher than 
that of the SD by 24% and 316% (Figure 16). Individual values were as high as 
0.38mgl-1 (SD3_D23.5), 0.19mgl-1 (SD10_D7), 0.12mgl-1 (SD9_T1). 
 
 
Figure 16 Average NH4N concentration (mgl-1) for all the drains in March 2021 (dark blue); 
NH4N values of the SD is the average of SDup and SDdn (light blue); Label indicates the 










































































NO3N concentration in March 2021















































































NH4N concentration in March 2021







The average PO4P concentration of the drains for SDs 1, 3, 8, and 9 were higher 
than the SD by 41%, 34%, 86%, and 63% (Figure 17). Individual values were as 
high as 0.38mgl-1 (SD3_D3) and 0.035mgl-1 (SD8_D3). 
 
Figure 17 Average PO4P concentration (mgl-1) for the all the drains in March 2021 (dark green); 
PO4P values of the SD is the average of SDup and SDdn (light green); Label indicates the 
corresponding values 
The average TP concentrations of the drains were higher than the SD only in 
SD3 by 32% (Figure 18). Individual values were as high as 0.46mgl-1 (SD3_D3) 




Figure 18 Average TP concentration (mgl-1) for all the drains and in March 2021; (dark green); 
TP values of the SD is the average of SDup and SDdn (light green); Label indicates the 
corresponding values 
 Phosphorous forms 
As PO4P was a part of TP, its proportion of total leached P (mgl
-1) was checked in 
all the SDs (Table 7). Higher value denotes a greater presence of dissolved 
phosphorous fraction. While the SDs 3 and 8 had most of the phosphorous in 
reactive form (68% and 89%), SDs 1, 5, 9, and 10 (<40% each) showed the presence 
















































































PO4P concentration in March 2021












































































TP concentration in March 2021















of PO4P (%) 
SD1 0.01 0.07 16.33 
SD3 0.07 0.10 67.92 
SD5 0.01 0.05 10.63 
SD7 0.01 0.02 32.23 
SD8 0.026 0.03 88.96 
SD9 0.01 0.04 13.32 
SD10 0.01 0.02 37.89 
 
 Temporal Variation: Turbidity and nutrient 
concentrations 
The log turbidity from SD3 in different months was studied (Figure 19). The 
variance and the mean turbidity value of the drains and tributaries were higher than 
the SD in January, March, and May. However, the difference was the greatest in 
January (mean of 2.3 in drains and 2.01 in the SD) and May (mean of 2.28 in the 
drains and 1.86 in the SD). Additionally, the range of turbidity was the greatest in 
May (log values between 1.31 and 3.11). 
 
 
Figure 19 Log. Turbidity values of all the drains and tributaries from January to May in SD3 were 
plotted as boxplots to show the change in variation between different months, SD value for each 
month includes both SDup and SDdn values 
Table 7 Proportion of PO4P in TP for all the SDs. Average PO4P and TP values from all the drains 







The average loads (mgs-1) in SD1 for all the months were studied (Figure 20). 
The values of all the nutrients were higher in the drains (and tributaries) than the 
SD in February, indicating a direct source. In terms of individual months, February 
had the highest load values from drains followed by May (except for NH4N values).  
 
 
Figure 20 The average loads (mgs-1) for NO3N, NH4N, PO4P, and TP were plotted for SD1 from 
February to May 2021. SD value is the average of SDup and SDdn. NO3N was expressed in 10-1 * 
mgs-1 so that it can be comparable with the other nutrients. Label denotes the respective values 
 Mass Balance- SS and Nutrients 
The removal rate in % (Table 8) for all the nutrients and SS with the influence 
of drain in % was calculated for all the SDs on the sampling day each month. The 
value helped to identify the functionality of the SD as a response to high loads.  
Different SDs had negative removal for different nutrients. SD3 had increased 
NO3N and TP values in all the sampled months. SDs 1, 3, 5, and 10 had a net 
negative reduction of SS in different months. SDs 8 and 10 had a consistent negative 
removal only for PO4P. However, a general trend that was noticed was an 
improvement in removal % from the snowmelt months (between January and 
March) towards April and May. In terms of influence of drains (and tributaries) in 
terms of input load into the SD, SDs 1 and 3 had the highest influence percentage. 













































































































Drains SD Drains SD Drains SD Drains SD
Feb Mar Apr May
SD1: Loads from Feb-May (mgs-1)







SD Month Removal rate (%) Influence of drain/ tributaries (%) 
NH4N NO3N PO4P TP  SS NH4N NO3N PO4P TP  SS 
SD1 February 54 51 90 79 77 69 63 87 79 65 
March -103 -13 37 -92 -21 44 43 54 71 50 
April 24 0 50 -2 1 36 8 16 43 29 
May 72 - 59 38 31 63 - 35 50 23 
SD3 January -74 -256 - -165 1 64 9 - 50 78 
March 17 -165 - -199 -307 36 23 - 38 21 
April 43 -28 - -28 -66 61 6 - 15 4 
May 17 - 20 - 22 2 - 6 - 8 
SD5 March -56 -45 -24 -51 -387 2 3 1 1 0.8 
April 89 - 70 -38 -150 0.1 - 0.3 1 0.3 
May -73 - 10 - 1 0.1 - 0 - 0.1 
SD7 March 14 16 -9 3 5 1 7 3 1 8 
May 75 - 89 91 48 0.2 - 1 0.3 4 
SD8 March 57 15 -95 20 29 0 1 2 0.1 0.2 
May 35 - -96 38 52 0 0 0 0 0 
SD9 March 12 7 4 3 10 16 6 3 2 1 
May 39 - 38 7 14 29 - 1 7 14 
SD10 March -29 -43 -19 6 73 0.2 2 0.3 0.1 0.1 
May -17 - -196 -32 -311 0.1 - 0.2 0.1 0.1 
 DOM Indices 
The spatial and temporal variation in the DOM indices for all SDs were studied 
(Figure 21 to Figure 27). The corresponding boxplot for the filtered samples is 
given in Appendix 2. 
FI values (Figure 21) were the lowest in SD3 for samples taken in January with 
a mean of 1.4 (terrestrial source). The FI in the months April and May had an 
increasing trend with SDs 3, 5, and 9 having a mean FI of 1.7 each in May.  For the 
other sites, the mean values in March and May were not significantly different. 
 
Table 8 Removal rate (%) of the total input in each SD is given on the left; A positive value 
corresponded to a net reduction of the nutrient/SS at SDdn, and a negative value meant a net 
addition of the corresponding nutrient/SS. The SDs with a negative removal rate are marked in red. 
The Influence of the drains and tributaries on total input is given on the right. Higher values mean 








Figure 21 FI for the unfiltered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as boxplots; The 
boxplot was drawn including the median value 
BIX values (Figure 22) were highly variable for all the sites in the drains. The 
mean value for all the months was 0.6 in SDs 1 and 10, 0.7 in SDs 3, 5, 7, and 9, 
and 0.8 in SD8. BIX also ranged from a mean of 0.6 (predominantly allochthonous 




Figure 22 BIX for the unfiltered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1-5) and May (pink, All SDs) was expressed as boxplots; The 
boxplot was drawn including the median value 
HIX (Figure 23) for SD3 in the months January and May ranged between 0.3 







8, 9, 10 in all the months for the unfiltered samples were 0.9 each, which showed 
the predominant sites had highly humified DOM sources in all the sampled months. 
 
 
Figure 23 HIX for the unfiltered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1-5) and May (pink, All SDs) was expressed as boxplots; The 
boxplot was drawn including the median value  
A254 (Figure 24) for SD3 in the months of January and May varied between 0.8 
(low aromaticity) to 4.2 (high aromaticity). SD1 had a temporal variation with mean 
values of 1 and 1.3 in February and May and 0.5 in March and April. The other 
sites SDs 5-10 had low values from March to May (Mean of 0.4 in SDs 5 and 10, 
0.2 in SDs 7, 8, 9). 
 
 
Figure 24 A254 for the unfiltered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1-5) and May (pink, All SDs) was expressed as boxplots; The 
boxplot was drawn including the median value  
From SDs 1, 3, and 5 (Figure 25), it was seen that E2:E3 in April (mean: 2.03) 







variation in April (ranges from 0.4 to 3.9). SD3 had generally higher values in 
January (mean:2.6), but its drain ratios had high variations in March and April 
(ranged from 0.39 to 3.49). 
 
 
Figure 25 E2:E3 ratio for the unfiltered samples in January (grey, SD3), February (blue, SD1), 
March (green, All SDs), and April (yellow, SDs 1-5) was expressed as boxplots; The boxplot was 
drawn including the median value.  
In the month of May (Figure 26), SD9 had the highest mean E2:E3 ratio of 33.72 
and SD5 had the highest variation (ranged from 6.5 to 41.6).  
 
 
Figure 26 E2:E3 ratio for the unfiltered samples in May (SDs 1-5) was expressed as boxplots; The 
ratio for May was shown separately as it had an increased value and required a different scale 
The boxplot was drawn including the median value 
The SR (Figure 27) was highly site-specific. SDs 3,5,7 and 8, showed high 







2.4 in May. When compared between March and May, SDs 1, 5, and 9 had an 
increase in SR (decrease in absorption at long wavelength: formation of smaller 
compounds). SDs 3, 7, and 10 had a decrease in SR (formation of larger 
compounds). 
 
Figure 27 A254 for the unfiltered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1-5) and May (pink, All SDs) was expressed as boxplots; The 




The correlation results for both unfiltered (Table 9) and filtered samples (Table 10) 
for SD7 with the DOM indices were shown here. SS was used instead of turbidity 
to separate out the adsorbed nutrient pathway. The correlations, both significant and 
insignificant, for the remaining SDs are shown in Appendix 3. 
In SD7, for the unfiltered solution, PO4P correlated with HIX and A254, TP 
correlated with FI, BIX, and SS. The differences in correlations between the 
unfiltered and filtered samples were noted. In filtered samples, NO3N correlated 












-1) PO4P (mg l
-1) TP (mg l-
1) 
FI -0.51 0.12 -0.16 -0.71 
BIX -0.47 0.19 -0.15 -0.65 
HIX 0.26 -0.03 -0.52 -0.04 
A254 0.09 -0.07 0.71 0.47 
E2_E3 -0.11 -0.44 0.09 -0.15 
SR 0.18 -0.34 -0.36 0.00 





-1) PO4P (mg l
-1) TP (mg l-1) 
FI -0.50 0.23 -0.24 -0.73 
BIX -0.45 0.20 -0.31 -0.67 
HIX 0.44 -0.19 0.17 0.65 
A254 0.39 0.07 0.31 0.56 
E2_E3 -0.20 -0.45 0.26 -0.18 
SR 0.07 -0.70 0.20 0.34 
 
 
 Correlations- Nutrients 
The significant correlations between the nutrient’s concentrations were studied 
(Table 11). In SDs 1 and 3, there was a positive correlation between PO4P and TP. 
In SDs 7 and 10, there was a positive correlation between NH4N and TP. 
Additionally, there were also positive correlations between NO3N with TP values 
in SD5. 
  
Table 9 Correlations made for unfiltered drain water samples in SD7; Significant correlations 
(p<0.05) is marked in bold text; Provided there was significant correlation, the values up to 0.50 
were taken as weak correlation, values between 0.50 and 0.75 as moderate correlation and above 
0.75 as strong correlation. 
Table 10 Correlations made for filtered drain water sample in SD7; Significant correlations 
(p<0.05) is marked in bold text; Provided there was significant correlation), the values up to 0.50 
were taken as weak correlation, values between 0.50 and 0.75 as moderate correlation and above 
0.75 as strong correlation; Correlation with SS was not checked for filtered solution as it was 







Site Correlations R-value 
SD1 PO4P and TP 0.88 
SD3 PO4P and TP 0.67 
SD5 NO3N and TP 0.75 
SD7 NH4N and TP 0.55 





Table 11 Significant Pearson correlations (p<0.05) found between the nutrients in all the SDs; 
Provided there was significant correlation), the values up to 0.50 were taken as weak correlation, 







One of the main objectives of this study was to evaluate the composition of the 
water quality in the drains and tributaries and check if its interactions with SS or 
DOM indices could provide any information about the source/transport of the 
nutrients. While the concentration of the nutrients (mgl-1) could explain how the 
drains contribute to the SD, the input loads (mgs-1) decide if the SD could remove 
them at the required rate. As the study included visits to the SDs, it was possible to 
consider the activity observed in nearby areas as potential sources. In addition, the 
behaviour of each nutrient differs from the other based on its physical and chemical 
properties and thus will be discussed separately in the following sections.  
 Nitrogen Cycling 
 Ammonia 
The influence of specific drains in transporting high amounts of ammonia to the SD 
could be noticed in SD1, SD3, and SD9 (Figure 16). SD1 and SD9 had high 
contributions from 2 tributaries with the tributary SD1_T1 having an average 
concentration of 0.06 mgl-1 (SDup mean: 0.04 mgl-1) and SD9_T1 having an 
average concentration of 0.11 mgl-1 (SDup mean: 0.03 mgl-1). SD3 had high 
contributions primarily from 4 drains: D6, 13, 18, and 23.5 with a mean 
concentration of 0.41 mgl-1 (SDup mean: 0.03 mgl-1).  
The observation of the area at a proximity to the sources with high concentration 
showed some possible explanations. SD9_T1 was connected to a constructed 
wetland (Figure 28), where a condition of low pH and ammonia build-up could 










Figure 28 Wetland close to SD9_T1  
In SD3, D23.5 was a ɸ48 cm drain that was not part of the planned subsurface pipes 
(which were between ɸ10-15 cm) and was suspected to have been set up as water 
management from the nearby household and roads, which could be the source of 
nutrients (Gray & Becker 2002). The drains D6, 13, and 18 were linked to the same 
field (Figure 32 ), which also had an animal barn. If animal manure was stored or 
spread on the field, elevated ammonia levels could be possible (Hernandez-Ramirez 
et al. 2011).  
The sediments and DOM indices gave more information about how ammonia 
could have been transported. Ammonia concentration in SD1 correlated negatively 
with SR (Appendix 3: Table 13) but positively with SS. The negative correlation 
with SR became weaker with the filtered solution. This could suggest the 
mineralisation of ammonia in the sediments by decomposition of organic matter 
(Arango & Tank 2008). Ammonia concentration in SD3 (Appendix 3: Table 14) 
did not correlate with sediments or any of the DOM indices suggesting a presence 
of less-soluble inorganic forms of ammonia (Bridger et al. 1962). Ammonia 
concentration in SD9 (Appendix 3: Table 17) correlated negatively with BIX but 
correlated positively with A254 and SS. While the A254 suggests a preferred 
bonding to aromatic compounds, the mean A254 value of 0.30 was low and the 
mean humification in the samples was high at 0.91 suggesting that ammonia from 
the surrounding area must have accumulated in the wetland in the past years, got 








 Nitrate  
The influence of drains/tributaries on the SD NO3N values (mgl
-1) was quite 
different from that of ammonia. From Figure 15, it could be observed that all the 
sites (except SD3) showed a higher concentration of NO3N in the drains than the 
SD for the month of March. The difference was more prominent in the SDs 7, 8, 9, 
and 10 with a mean of 20.80, 30.3, 21.5, and 17.3mgl-1 (SD mean: 6.88, 8.1, 9.64, 
and 5.18mgl-1). From the direct observation of the sites, the major source of NO3N 
could be linked to fertilization in the neighbouring fields, which usually begin in 
the month of March for the spring cropping (SCB 2020). 
The DOM indices were considered for more information on the source and 
transport of NO3N. It was interesting to note that there were very few significant 
correlations between NO3N concentrations and DOM indices in the SDs. In SDs 5 
and 7, the 0.45µm filtered samples correlated negatively to SR (Table 10), Appendix 
3: Table 15), which suggested a presence of compounds with high aromaticity and 
MW (Helms et al. 2008). However, the lack of correlations in most SDs made it 
difficult to draw conclusions to the influence of DOMs in nitrate transport. This 
also corroborates the idea that mineral fertilizers would have been a source of NO3N 
values. In addition, a study found that high HIX values, as seen in the SDs (Mean: 
0.9 each) in fertilized fields could be due to a disturbance of organo-mineral 
aggregates by tillage practices (Graeber et al. 2012).  
SD3 had a high NO3N concentration in the stream, especially in January (Mean: 
6.36 mgl-1). Considering no uptake from vegetation due to the cold season, the 
source of the NO3N could be from the runoff (Ohte et al. 2004) or groundwater 
(Guimerà 1998).   
 Nitrogen Removal 
The mass balance of the nitrogen species in the SDs: NH4N and NO3N was 
studied together using the removal % (Table 8). SDs 1, 3, 5, and 10 were the sites 
of net positive addition (negative removal %) of NO3N and ammonia at SDdn. 
While SDs 1 and 3 had a high influence from the drains in terms of input, these four 
SDs also had a common trait in terms of narrow terrace width. Two of the most 
important means of nitrogen removal in SDs were by means of absorption by biota 
or denitrification (Hodaj et al. 2017). Assuming that the role of plants to take up 
nitrogen was negligible during the study period (January-April), denitrification 
rates were expected to play an important role. One study found that, for increased 
denitrification rates, a wide terrace of 10 m for the tile drainage outlet would be 
ideal (Mahl et al. 2015). In addition, the study also stated that an increased 
concentration of NO3N in the input to the SD increased denitrification rates only up 
to 5 mgl-1 beyond which the rates flat lined (Mahl et al. 2015). This suggested a 







small terraces, either by design or due to erosion, which could have led to lower an 
increased load at SDdn. By comparing it to the high nitrate removal % in SDs 7, 8, 
and 9, this could be attributed to their wider terraces (Figure 29).   
 
 
Figure 29 Terrace from SD8 taken from May2021 
Another interesting observation was in sites with positive ammonia removal but 
negative nitrate removal. This raised an important question about nitrification rates 
from ammonia to nitrate. The ideal pH range for nitrifying bacteria is around 6.6-
9.7 (Odell et al. 1996). Most of the SDs were in agricultural sites with a mean pH 
of about 8, and so it was possible that some of the ammonia got converted to nitrate. 
This could be beneficial if it led to a simultaneous increase in denitrification but 
considering nitrate could be easily leached in comparison to ammonia (Ball Coelho 













 Phosphorous cycling 
Phosphorous exists in many forms depending on its oxidation state and it is hard to 
quantify due to its unique associations. While this study included direct 
measurements of dissolved reactive phosphorous (PO4P), and undissolved total 
phosphorous (TP), the other forms, such as particulate phosphorous, could be 
detected in specific sites. Since PO4P is a fraction of TP, they were considered 
together for the discussion. 
 Source and transport 
The mean concentration for PO4P in SDs 1, 3, 8, and 9 was higher in the drains than 
in the SD but the TP concentration for the drains was only higher for SD3 (Figure 
17, Table 6). PO4P, a reactive, readily bioavailable form was a big proportion of the 
TP in SDs 3 and 8 (Foy 2007). The source of PO4P in the sites from direct 
observation seemed to be agricultural activities, but the drain SD3_D23.5, which 
led to the nearby household and roads, also pointed at domestic waste.  
To understand the P sources further, its DOM interactions were considered. A 
study done on different streams stated that higher PO4P values were observed in 
sites with lower aromaticity (low A254), more microbial-like DOM (FI closer to 
1.9) (Coble et al. 2016). Comparing this with the current study, it was seen that 
drains with high concentrations in SD3, SD8, and SD9 had higher FI (mean of 1.84 
and 1.79 respectively) and higher E2:E3 ratio (10.67 and 9.25 respectively). But the 
SDs 1, 8 and 9 showed no significant correlations between PO4P and any DOM 
indices, and so, the PO4 could be inorganic fraction leaching from the neighbouring 
fields. However, SD3 PO4P concentration correlated negatively to SR and positively 
to A254 (Appendix 3: Table 14), indicating preferential association to highly 
aromatic compounds and considering that HIX was high (mean of 0.9 each), it could 
be an indication other fractions of P, namely colloidal fraction that usually ends up 
in filtered solution (Haygarth et al. 1997). 
TP values in most streams were already high compared to the drains. Looking at 
the DOM associations in the SDs, SD3 TP correlated positively with SS and 
negatively with HIX (Appendix 3: Table 14). While the correlation with SS showed 
that some phosphorous is adsorbed to sediments (Davis et al. 2015), a negative 
correlation to HIX suggests that phosphorous did not adsorb to DOM surfaces 
(Hansen et al. 2002). Another trend that was seen in SDs 1, 3, and 9 was a positive 
correlation with A254 and a negative correlation to SR (Appendix 3: Table 13). 
Despite a strong positive correlation with A254, the mean A254 ratio value for all 
the SDs was low, suggesting that the presence of some unreactive organic 







 Phosphorous removal 
The mass balance on removal % of phosphorous forms gave some understanding 
into the functioning of the SDs (Table 8). SDs 5, 7, 8, and 10 had negative removal 
(net addition at SDdn) for PO4P loads. The influence of drains in the input load was 
low (0.2- 2%). However, one study did a long-term evaluation on dissolved reactive 
phosphorous and stated that the biggest source for it was runoff from fields, with a 
combination of fertilization application and storm events (Daloğlu et al. 2012). This 
study was conducted in the months between March and May, which included a 
growing period in the sites with fertilization. In addition, there was also 
precipitation in the period (Figure 30), making the field activity a plausible reason 
for high P values.  
TP removal was the lowest in SDs 1, 3, 5, and 10. Here, it was interesting to note 
that most of the sites with net negative TP removal in the SD were also accompanied 
by an increase in SS (Table 10). One of the ideas behind constructing the SD with 
wide terraces was to slow down the streamflow, causing the sediments to settle 
down, causing a simultaneous reduction in phosphorous values due to the 
association of particulate phosphorous with sediment surfaces. SDs 1 and 3 had a 
high influence from the drains but SD 1 showed a positive trend in May for both 
TP and SS, which could be an indication that the growing vegetation was trapping 
the sediments and/or taking up the phosphorous (Lee et al. 2000). A similar result 
could not be confirmed for SDs 3 and 5 as the TP from May wasn’t measured, but 
there was a successive reduction in SS from March to May, so a similar trend might 
have continued for TP. SD10 had an increasing SS and TP in the month of May, 
even in the presence of vegetation, so the erosion in this SD and instability in the 
terraces could be due to other factors, possibly its soil properties (73% sandy soil) 
or high rainfall (853mm). 
 Turbidity and SS 
The role of SS in nutrient transport and retention had been previously discussed. In 
addition, sediments also provide additional surfaces for microbes to grow and 
interact (Rehmann & Soupir 2009). In SDs, the sediments can be beneficial if they 
settled along the terraces but a very high sediment level in subsurface drainage tiles 
was an indication of erosion in the field level. This study measured turbidity as a 
proxy for SS (Figure 6- Figure 12). The dependence of turbidity on soil properties 
could be seen in Figure 13, where SDs 1 and 3 had the highest turbidity values. One 
study found that clayey soils tended to leach more clay-sized particles (1nm-1µm) 
than sandy soil resulting in more phosphorus leaching (Poirier et al. 2012). As 







concentrations (Figure 3, Figure 14, Figure 17) in the drains and tributaries in 
comparison to SDs 7-10. However, turbidity within the drains of almost all SDs 
showed big variation, even when they originated from the same field (Figure 14),  
which could be due to the varying sediment movement in the field by tillage, 
preferential flow through macropores, or in the case of clayey soil, shrink-swell 
pores (Coelho et al. 2010).  
As SD3 had the maximum variation, it was interesting to see if there were any 
seasonal variations so, the monthly turbidity values were plotted (Figure 19). 
January and May were the months with the highest variations, which coincided with 
snowmelt and precipitation. A study found that the sediment values were higher in 
the tile drains when storm events followed a dry period (Simard et al. 2000). In May 
samples of SD3, turbidity in some drains went as high as 1306NTU, which was 
undesirable both from field productivity, as most of the SS were fine sediments and 
functioning of SD, as a strong correlation seen in SD3 with TP meant that high 
turbidity also increased TP load. 
 Correlation between nutrients 
Correlations between nutrients were studied to predict if they could behave 
similarly. This would be beneficial in terms of suggesting mitigation measures 
targeting several nutrients. From Table 11, it could be seen that PO4P and TP 
correlated with each other for SDs 1 and 3. This was to be expected as the source 
for both these nutrients could be the same. However, in SDs 7 and 10, there was a 
positive correlation between NH4 and TP. This could be linked to the usage of 
manure on fields, which included struvite, a soluble compound containing 
ammonium phosphate. However, since the proportion of PO4P fraction in TP was 
low in both the sites (Table 7), it could just be that both nutrients were transported 
in a similar way by adsorbing to sediments and DOM. This could explain why a 
sediment settling could reduce both TP and NH4 in the SDs. SD5 had a correlation 
between NO3 and TP (Appendix 3:Table 15) and considering both these nutrients 
also correlated positively with HIX and negatively with SR, and SD5 had a high % 
of forest (Appendix 1: Figure 34), this could be high-resistant humified forms 
leaching from there (Coble et al. 2016). 
 Spatial and temporal variation in DOM 
The general influence of DOM indices in transporting high level of nutrients has 
been discussed, but the variation in DOM with respect to different sites were also 







and February showed DOM with more terrestrial (low FI), allochthonous (low BIX) 
origin compared to later months, which was expected following a period of snow 
cover. E2:E3 ratio increased generally from January to May, corresponding to the 
crop season, and SDs 7-10 with higher cropland, had a higher ratio. The surprising 
value was that of HIX which showed highly humified sources in most of the SDs, 
even in May, when the cropping system had begun. Combined with the fact that 
A254 was low until May confirmed with the studies that suggested that an increase 
of agricultural practices had led to a unique DOM signature of highly humic 
compounds with microbial-like aromaticity (Stedmon & Markager 2005; Graeber 
et al. 2012). This is a combination that can adsorb nutrients to transport it yet 
decompose easily to release it downstream, which could potentially lead to 
increased eutrophication. 
SD3 stood out in some values during January and May, coinciding with high 
discharge periods (Figure 4A). For example, both HIX (between 0.3 and 0.9; Figure 
23) and A254 (0.1 and 4.2; Figure 27) showed great variations in the drains. So, 
when the individual drains were considered in that periods, it was seen that labile, 
highly aromatic compounds were linked to drains SD3_D3, 3.5, and 4, which 
seemed to originate from the same area (Figure 32). While this was expected amidst 
cropping period in May, it was surprising in January, when the fields were fallow. 
Hence, it was assumed that the DOM could have accumulated and washed away 
from the neighbouring farm or the forest (Figure 32). 
 
 Implications and Limitations 
 Implications 
Evaluating the impact of drains on nutrient concentrations and loads is difficult 
because of its direct and indirect dependency on constantly changing variables such 
as pH, temperature, climate, redox status, vegetation type, and management 
practices. In addition, determining the exact origin of nutrients and sediments in 
SDs requires appropriate tracing techniques, which can be complex. Despite better 
accuracy, it is not always possible to take daily samples due to the extensive 
resources required for individual drains. Also, periodic grab sampling is an efficient 
way of measurement when the final goal is fixed and quantifiable. This study, which 
tried to provide information on the inputs from the drains relative to concentrations 
and loads within SDs was able to accomplish that based on specific sampling dates. 
While monthly sampling in all sites was not possible, it was quite sufficient to 
understand the impact. For example, in SD3, where the sampling was done in 







period, April was relatively dry with low flow and May included a precipitation 
event following the dry period (Figure 4B). Additionally, the period also had no 
vegetation in January and tracked the influence of a vegetated terrace by May. By 
considering the values of measured nutrients and sediments in these conditions, it 
was possible to understand its effect on the functioning of the SD.  
From the results, it was possible to see that the drains mostly had a higher 
concentration of N, P, and SS in comparison to the SD. This is dangerous as it could 
leach downstream during high flows when the discharge is high, and removal is 
limited. It could also leach downstream during low flows when the SD only has 
base flow and the terraces aren’t flooded, leading to a reduced removal (Mahl et al. 
2015). While the loads from drains were much lower than the SD (Table 6), its role 
in NH4N and PO4P was especially high in many sites. In addition, the study 
included only the drains within the SD’s length and might have missed 
contributions from many upstream. 
On comparison with previous years, this year 2021 had a high precipitation 
(Figure 4A), which could have contributed to an increased leaching of highly humic 
substances in the drains and tributaries. However, an increased water flow in the 
SDs would have compensated for this by more frequently inundated terraces with 
an enhanced plant and microbial activity (Roley et al. 2012).  
A high concentration of nutrients from the drains is generally expected in places 
of intensive crop production. One study done on the uncertainty of plant response 
to fertilizers in Europe found that farmers might over-fertilize to avoid crop failure 
and the nutrient leaching would be seen as an unavoidable effect (Lemaire et al. 
2021). However, if the water quality issue is to be addressed, measures must start 
at the field level. The ways to reduce leaching through drains must start with 
quantity, type, and timing of fertilization, which is a part of precision agriculture 
(Cao et al. 2018). There is also research about using microbial symbioses to 
reduce/remove fertilization, as most of the fields already have legacy nutrients from 
previous inputs, just in inaccessible forms (Bolduc & Hijri 2011). There are also 
possibilities to improve the existing drainage system into a controlled drainage, 
which would give an option to control the amount of drainage, thus the amount of 
nutrients leached (Wesström et al. 2001).  
 Design Inconsistencies 
The primary design of SDs had design parameters for subsurface drains, for 
example, that the drains should flow out on the terraces to increase the residence 
time. But that was not always observed and in some places the drains directly 
flowed into the SD, bypassing the vegetation. Other problems included sediment 







in the evaluation. Some of the commonly encountered design/maintenance 
problems are shown in Figure 30 A-F. 
 
 
Figure 30 Design Inconsistencies A) SD5 long drain by-passing the terrace B) Broken drain in 
SD1 C) Low, flooded drain in SD4 D) Sediment deposition in old drain SD7 E) SD3 big drain by-










The influence of agricultural drains on the effectiveness of two-stage ditches was 
seen in two ways depending on the sampling month. On one hand, the drains and 
tributaries of SDs 1, 3, and 9 had the potential to be the direct source of nutrients 
and SS into the SD. This could increase the load (mgs-1) to be reduced by the SD, 
causing a lower retention. On the other hand, the drains and tributaries of nearly all 
the SDs had a higher concentration of nutrients/ SS (mgl-1), which could have 
caused a strain on the functioning of the SD.  
To explain the sources and transport of high nutrient concentration in the drains 
and tributaries, their correlation to DOM indices and SS were studied. The results 
showed that ammonia preferred to associate with sediments or highly humified 
DOM. Nitrate did not correlate with DOM indices in most SDs suggesting 
predominance of the inorganic forms that are most likely linked to fertilization. 
PO4P correlated positively with A254 but considering most drains had a low A254 
value, indicated a possibility of colloidal phosphorous forms. TP correlated with 
SS, indicating a high fraction of particulate phosphorous, but in SD 3, it correlated 
negatively with SR, indicating labile forms. 
Nutrient removal was the lowest between January and March, probably due to 
flush accompanying the snowmelt. For SDs 3, 5, and 10, the nutrient reduction was 
low, despite vegetation in May. As the SS retention was also low in these places, 
the cause of nutrient reduction is assumed to due to an instability in the terraces and 
the SD, as a whole. SD8 had a low PO4P retention in both sampled months, but as 
the influence from drains was low, its source needs to be studied in the future. 
SDs 1, 7, 8 (except PO4P), and 9 showed net positive nutrient and SS retention 
in May, despite high input from the drains, when the SD was fully vegetated and 
inundated. Considering that the SDs 7 and 8 were the widest terraces in this study, 
it showed that with good design, the SDs can be a good mitigation measure for 











A.D. Ward, D. Mecklenburg, G.E. Powell, L.C Brown, & A.C. Jayakaran (2004). 
Designing two-stage agricultural drainage ditches. Proceedings of 
Drainage VIII, 21-24 March 2004, 2004. American Society of Agricultural 
and Biological Engineers. https://doi.org/10.13031/2013.15745 
Agudelo, S.C., Nelson, N.O., Barnes, P.L., Keane, T.D. & Pierzynski, G.M. (2011). 
Phosphorus Adsorption and Desorption Potential of Stream Sediments and 
Field Soils in Agricultural Watersheds. Journal of Environmental Quality, 
40 (1), 144–152. https://doi.org/10.2134/jeq2010.0153 
Algoazany, A.S., Kalita, P.K., Czapar, G.F. & Mitchell, J.K. (2007). Phosphorus 
Transport through Subsurface Drainage and Surface Runoff from a Flat 
Watershed in East Central Illinois, USA. Journal of Environmental Quality, 
36 (3), 681–693. https://doi.org/10.2134/jeq2006.0161 
Arango, C.P. & Tank, J.L. (2008). Land use influences the spatiotemporal controls 
on nitrification and denitrification in headwater streams. Journal of the 
North American Benthological Society, 27 (1), 90–107. 
https://doi.org/10.1899/07-024.1 
Baker, A. & Inverarity, R. (2004). Protein-like fluorescence intensity as a possible 
tool for determining river water quality. Hydrological Processes, 18 (15), 
2927–2945. https://doi.org/10.1002/hyp.5597 
Ball Coelho, B., Murray, R., Lapen, D., Topp, E. & Bruin, A. (2012). Phosphorus 
and sediment loading to surface waters from liquid swine manure 
application under different drainage and tillage practices. Agricultural 
Water Management, 104, 51–61. 
https://doi.org/10.1016/j.agwat.2011.10.020 
Bieroza, M., Bergström, L., Ulén, B., Djodjic, F., Tonderski, K., Heeb, A., 
Svensson, J. & Malgeryd, J. (2019). Hydrologic Extremes and Legacy 
Sources Can Override Efforts to Mitigate Nutrient and Sediment Losses at 
the Catchment Scale. Journal of Environmental Quality, 48 (5), 1314–1324. 
https://doi.org/10.2134/jeq2019.02.0063 
Blann, K.L., Anderson, J.L., Sands, G.R. & Vondracek, B. (2009). Effects of 
Agricultural Drainage on Aquatic Ecosystems: A Review. Critical Reviews 
in Environmental Science and Technology, 39 (11), 909–1001. 
https://doi.org/10.1080/10643380801977966 
Bolduc, A. & Hijri, M. (2011). The Use of Mycorrhizae to Enhance Phosphorus 
Uptake: A Way Out the Phosphorus Crisis. Journal of Biofertilizers & 
Biopesticides, 02. https://doi.org/10.4172/2155-6202.1000104 
Bridger, G.L., Salutsky, M.L. & Starostka, R.W. (1962). Micronutrient Sources, 
Metal Ammonium Phosphates as Fertilizers. Journal of Agricultural and 
Food Chemistry, 10 (3), 181–188. https://doi.org/10.1021/jf60121a006 
Cammack, W.K.L., Kalff, J., Prairie, Y.T. & Smith, E.M. (2004). Fluorescent 
dissolved organic matter in lakes: Relationships with heterotrophic 









Cao, P., Lu, C. & Yu, Z. (2018). Historical nitrogen fertilizer use in agricultural 
ecosystems of the contiguous United States during 1850–2015: application 
rate, timing, and fertilizer types. Earth System Science Data, 10 (2), 969–
984. https://doi.org/10.5194/essd-10-969-2018 
Carlson, C.A. & Hansell, D.A. (2015). DOM Sources, Sinks, Reactivity, and 
Budgets. Biogeochemistry of Marine Dissolved Organic Matter. Elsevier, 
65–126. https://doi.org/10.1016/B978-0-12-405940-5.00003-0 
Castan, S., Sigmund, G., Hüffer, T., Tepe, N., von der Kammer, F., Chefetz, B. & 
Hofmann, T. (2020). The importance of aromaticity to describe the 
interactions of organic matter with carbonaceous materials depends on 
molecular weight and sorbent geometry. Environmental Science: Processes 
& Impacts, 22 (9), 1888–1897. https://doi.org/10.1039/D0EM00267D 
Castellano, M.J., Archontoulis, S.V., Helmers, M.J., Poffenbarger, H.J. & Six, J. 
(2019). Sustainable intensification of agricultural drainage. Nature 
Sustainability, 2 (10), 914–921. https://doi.org/10.1038/s41893-019-0393-
0 
Chapman, A.S., Foster, I.D.L., Lees, J.A. & Hodgkinson, R.A. (2005). Sediment 
delivery from agricultural land to rivers via subsurface drainage. 
Hydrological Processes, 19 (15), 2875–2897. 
https://doi.org/10.1002/hyp.5789 
Christianson, L. (2018). Conservation Practices to Reduce Nutrient Loss: How Do 
They Stack Up? farmdoc daily, Department of Agricultural and Consumer 
Economics,University of Illinois at Urbana-Champaign, 8. 
https://farmdocdaily.illinois.edu/2018/12/conservation-practices-to-
reduce-nutrient-loss-how-do-they-stack-up.html [2021-06-14] 
Clarke, E. & Baldwin, A.H. (2002). Responses of wetland plants to ammonia and 
water level. Ecological Engineering, 18 (3), 257–264. 
https://doi.org/10.1016/S0925-8574(01)00080-5 
Cleveland, C.C., Neff, J.C., Townsend, A.R. & Hood, E. (2004). Composition, 
Dynamics, and Fate of Leached Dissolved Organic Matter in Terrestrial 
Ecosystems: Results from a Decomposition Experiment. Ecosystems, 7 (3), 
175–285. https://doi.org/10.1007/s10021-003-0236-7 
Coble, A.A., Marcarelli, A.M., Kane, E.S. & Huckins, C.J. (2016). Uptake of 
ammonium and soluble reactive phosphorus in forested streams: influence 
of dissolved organic matter composition. Biogeochemistry, 131 (3), 355–
372. https://doi.org/10.1007/s10533-016-0284-7 
Coble, P.G., Lead, J., Baker, A., Reynolds, D.M. & Spencer, R.G.M. (2014). 
Aquatic Organic Matter Fluorescence. Cambridge University Press. 
Coelho, B.B., Bruin, A.J., Staton, S. & Hayman, D. (2010). Sediment and Nutrient 
Contributions from Subsurface Drains and Point Sources to an Agricultural 
Watershed. Air, Soil and Water Research, 3, ASWR.S4471. 
https://doi.org/10.4137/ASWR.S4471 
Cooper, R.J., Hama-Aziz, Z., Hiscock, K.M., Lovett, A.A., Dugdale, S.J., 
Sünnenberg, G., Noble, L., Beamish, J. & Hovesen, P. (2017). Assessing 
the farm-scale impacts of cover crops and non-inversion tillage regimes on 
nutrient losses from an arable catchment. Agriculture, Ecosystems & 
Environment, 237, 181–193. https://doi.org/10.1016/j.agee.2016.12.034 
Correll, D.L., Jordan, T.E. & Weller, D.E. (1992). Nutrient flux in a landscape: 
Effects of coastal land use and terrestrial community mosaic on nutrient 
transport to coastal waters. Estuaries, 15 (4), 431–442. 
https://doi.org/10.2307/1352388 
Cory, R.M. & McKnight, D.M. (2005). Fluorescence Spectroscopy Reveals 







Organic Matter. Environmental Science & Technology, 39 (21), 8142–8149. 
https://doi.org/10.1021/es0506962 
Dabney, S.M., Moore, M.T. & Locke, M.A. (2006). Integrated management of in-
field, edge-of-field, and after-field buffers. Journal of the American Water 
Resources Association, 42 (1), 15–24. https://doi.org/10.1111/j.1752-
1688.2006.tb03819.x 
Daloğlu, I., Cho, K.H. & Scavia, D. (2012). Evaluating Causes of Trends in Long-
Term Dissolved Reactive Phosphorus Loads to Lake Erie. Environmental 
Science & Technology, 46 (19), 10660–10666. 
https://doi.org/10.1021/es302315d 
D’Ambrosio, J.L., Ward, A.D. & Witter, J.D. (2015). Evaluating Geomorphic 
Change in Constructed Two-Stage Ditches. JAWRA Journal of the 
American Water Resources Association, 51 (4), 910–922. 
https://doi.org/10.1111/1752-1688.12334 
Darch, T., Blackwell, M.S.A., Chadwick, D., Haygarth, P.M., Hawkins, J.M.B. & 
Turner, B.L. (2016). Assessment of bioavailable organic phosphorus in 
tropical forest soils by organic acid extraction and phosphatase hydrolysis. 
Geoderma, 284, 93–102. https://doi.org/10.1016/j.geoderma.2016.08.018 
Davis, R.T., Tank, J.L., Mahl, U.H., Winikoff, S.G. & Roley, S.S. (2015). The 
Influence of Two-Stage Ditches with Constructed Floodplains on Water 
Column Nutrients and Sediments in Agricultural Streams. JAWRA Journal 
of the American Water Resources Association, 51 (4), 941–955. 
https://doi.org/10.1111/1752-1688.12341 
Di, H.J. & Cameron, K.C. (2002). Nitrate leaching in temperate agroecosystems: 
sources, factors and mitigating strategies. Nutrient Cycling in 
Agroecosystems, 64 (3), 237–256. 
https://doi.org/10.1023/A:1021471531188 
Dogliotti, A.I., Ruddick, K.G., Nechad, B., Doxaran, D. & Knaeps, E. (2015). A 
single algorithm to retrieve turbidity from remotely-sensed data in all 
coastal and estuarine waters. Remote Sensing of Environment, 156, 157–
168. https://doi.org/10.1016/j.rse.2014.09.020 
Droppo, I.G. (2001). Rethinking what constitutes suspended sediment. 
Hydrological Processes, 15 (9), 1551–1564. 
https://doi.org/10.1002/hyp.228 
Elkins, K.M. & Nelson, D.J. (2001). Fluorescence and FT-IR spectroscopic studies 
of Suwannee River fulvic acid complexation with aluminum, terbium and 
calcium. Journal of Inorganic Biochemistry, 87 (1), 81–96. 
https://doi.org/10.1016/S0162-0134(01)00318-X 
Evans, A.E., Mateo-Sagasta, J., Qadir, M., Boelee, E. & Ippolito, A. (2019). 
Agricultural water pollution: key knowledge gaps and research needs. 
Current Opinion in Environmental Sustainability, 36, 20–27. 
https://doi.org/10.1016/j.cosust.2018.10.003 
Foy, R.H. (2007). Variation in the reactive phosphorus concentrations in rivers of 
northwest Europe with respect to their potential to cause eutrophication. Soil 
Use and Management, 23 (s1), 195–204. https://doi.org/10.1111/j.1475-
2743.2007.00111.x 
G. O. Schwab, N. R. Fausey, & D. E. Kopcak (1980). Sediment and Chemical 
Content of Agricultural Drainage Water. Transactions of the ASAE, 23 (6), 
1446–1449. https://doi.org/10.13031/2013.34796 
Gelbrecht, J., Lengsfeld, H., Pöthig, R. & Opitz, D. (2005). Temporal and spatial 
variation of phosphorus input, retention and loss in a small catchment of NE 








Ghane, E., Ranaivoson, A.Z., Feyereisen, G.W., Rosen, C.J. & Moncrief, J.F. 
(2016). Comparison of Contaminant Transport in Agricultural Drainage 
Water and Urban Stormwater Runoff. PLOS ONE, 11 (12), e0167834. 
https://doi.org/10.1371/journal.pone.0167834 
Gippel, C.J. (1995). Potential of turbidity monitoring for measuring the transport of 
suspended solids in streams. Hydrological Processes, 9 (1), 83–97. 
https://doi.org/10.1002/hyp.3360090108 
Graeber, D., Gelbrecht, J., Pusch, M.T., Anlanger, C. & von Schiller, D. (2012). 
Agriculture has changed the amount and composition of dissolved organic 
matter in Central European headwater streams. Science of The Total 
Environment, 438, 435–446. 
https://doi.org/10.1016/j.scitotenv.2012.08.087 
Gramlich, A., Stoll, S., Stamm, C., Walter, T. & Prasuhn, V. (2018). Effects of 
artificial land drainage on hydrology, nutrient and pesticide fluxes from 
agricultural fields – A review. Agriculture, Ecosystems & Environment, 
266, 84–99. https://doi.org/10.1016/j.agee.2018.04.005 
Gray, S.R. & Becker, N.S.C. (2002). Contaminant flows in urban residential water 
systems. Urban Water, 4 (4), 331–346. https://doi.org/10.1016/S1462-
0758(02)00033-X 
Grönvall, A. (2017). Dränering av jordbruksmark 2016- Slutlig statistik. (Drainage 
of agricultural land, final statistics, JO 41 SM 1701). Statens Jordbruksverk. 
https://www.scb.se/contentassets/810ce08bb6504099ba0798e3e149bfde/jo
0112_2016a01_sm_jo41sm1701.pdf/ [2021-08-15] 
Guimerà, J. (1998). Anomalously High Nitrate Concentrations in Ground Water. 
Groundwater, 36 (2), 275–282. https://doi.org/10.1111/j.1745-
6584.1998.tb01093.x 
Haddaway, N.R., Brown, C., Eggers, S., Josefsson, J., Kronvang, B., Randall, N. & 
Uusi-Kämppä, J. (2016). The multifunctional roles of vegetated strips 
around and within agricultural fields. A systematic map protocol. 
Environmental Evidence, 5 (1), 18. https://doi.org/10.1186/s13750-016-
0067-6 
Hansen, N.C., Daniel, T.C., Sharpley, A.N. & Lemunyon, J.L. (2002). The fate and 
transport of phosphorus in agricultural systems. Journal of Soil and Water 
Conservation, 57 (6), 408–417 
Harris, G.L., Goss, M.J., Dowdell, R.J., Howse, K.R. & Morgan, P. (1984). A study 
of mole drainage with simplified cultivation for autumn-sown crops on a 
clay soil: 2. Soil water regimes, water balances and nutrient loss in drain 
water, 1978–80. The Journal of Agricultural Science, 102 (3), 561–581. 
https://doi.org/10.1017/S0021859600042118 
Haygarth, P.M., Hepworth, L. & Jarvis, S.C. (1998). Forms of phosphorus transfer 
in hydrological pathways from soil under grazed grassland. European 
Journal of Soil Science, 49 (1), 65–72. https://doi.org/10.1046/j.1365-
2389.1998.00131.x 
Haygarth, P.M., Warwick, M.S. & House, W.A. (1997). Size distribution of 
colloidal molybdate reactive phosphorus in river waters and soil solution. 
Water Research, 31 (3), 439–448. https://doi.org/10.1016/S0043-
1354(96)00270-9 
Heinz, M., Graeber, D., Zak, D., Zwirnmann, E., Gelbrecht, J. & Pusch, M.T. 
(2015). Comparison of Organic Matter Composition in Agricultural versus 
Forest Affected Headwaters with Special Emphasis on Organic Nitrogen. 
Environmental Science & Technology, 49 (4), 2081–2090. 
https://doi.org/10.1021/es505146h 
Helms, J.R., Stubbins, A., Ritchie, J.D., Minor, E.C., Kieber, D.J. & Mopper, K. 







molecular weight, source, and photobleaching of chromophoric dissolved 
organic matter. Limnology and Oceanography, 53 (3), 955–969. 
https://doi.org/10.4319/lo.2008.53.3.0955 
Hernandez-Ramirez, G., Brouder, S.M., Ruark, M.D. & Turco, R.F. (2011). Nitrate, 
Phosphate, and Ammonium Loads at Subsurface Drains: Agroecosystems 
and Nitrogen Management. Journal of Environmental Quality, 40 (4), 
1229–1240. https://doi.org/10.2134/jeq2010.0195 
Hodaj, A., Bowling, L.C., Frankenberger, J.R. & Chaubey, I. (2017). Impact of a 
two-stage ditch on channel water quality. Agricultural Water Management, 
192, 126–137. https://doi.org/10.1016/j.agwat.2017.07.006 
Holc, D., Pruss, A. & Komorowska-Kaufman, M. (2018). The Possibility of Using 
UV Absorbance Measurements to Interpret the Results of Organic Matter 
Removal in the Biofiltration Process. Rocznik Ochrona Srodowiska, 20 
Hudson, N., Baker, A. & Reynolds, D. (2007). Fluorescence analysis of dissolved 
organic matter in natural, waste and polluted waters—a review. River 
Research and Applications, 23 (6), 631–649. 
https://doi.org/10.1002/rra.1005 
Hutchins, R.H.S., Aukes, P., Schiff, S.L., Dittmar, T., Prairie, Y.T. & Giorgio, P.A. 
del (2017). The Optical, Chemical, and Molecular Dissolved Organic 
Matter Succession Along a Boreal Soil-Stream-River Continuum. Journal 
of Geophysical Research: Biogeosciences, 122 (11), 2892–2908. 
https://doi.org/10.1002/2017JG004094 
Jacks, G. (2019). Drainage in Sweden -the past and new developments. Acta 
Agriculturae Scandinavica, Section B — Soil & Plant Science, 69 (5), 405–
410. https://doi.org/10.1080/09064710.2019.1586991 
Janse, J.H. & Van Puijenbroek, P.J.T.M. (1998). Effects of eutrophication in 
drainage ditches. Nitrogen, the Confer-N-s. Elsevier, 547–552. 
https://doi.org/10.1016/B978-0-08-043201-4.50080-0 
Kalbitz, K. & Geyer, S. (2002). Different effects of peat degradation on dissolved 
organic carbon and nitrogen. Organic Geochemistry, 33 (3), 319–326. 
https://doi.org/10.1016/S0146-6380(01)00163-2 
Lannergård, E.E., Ledesma, J.L.J., Fölster, J. & Futter, M.N. (2019). An evaluation 
of high frequency turbidity as a proxy for riverine total phosphorus 
concentrations. Science of The Total Environment, 651, 103–113. 
https://doi.org/10.1016/j.scitotenv.2018.09.127 
Lee, K.-H., Isenhart, T.M., Schultz, R.C. & Mickelson, S.K. (2000). Multispecies 
Riparian Buffers Trap Sediment and Nutrients during Rainfall Simulations. 
Journal of Environmental Quality, 29 (4), 1200–1205. 
https://doi.org/10.2134/jeq2000.00472425002900040025x 
Lemaire, G., Tang, L., Bélanger, G., Zhu, Y. & Jeuffroy, M.-H. (2021). Forward 
new paradigms for crop mineral nutrition and fertilization towards 
sustainable agriculture. European Journal of Agronomy, 125, 126248. 
https://doi.org/10.1016/j.eja.2021.126248 
Likens, G.E., Wright, R.F., Galloway, J.N. & Butler, T.J. (1979). Acid Rain. 
Scientific American, 241 (4), 43–51 
Macdonald, M.J. & Minor, E.C. (2013). Photochemical degradation of dissolved 
organic matter from streams in the western Lake Superior watershed. 
Aquatic Sciences, 75 (4), 509–522. https://doi.org/10.1007/s00027-013-
0296-5 
Mahl, U.H., Tank, J.L., Roley, S.S. & Davis, R.T. (2015). Two-Stage Ditch 
Floodplains Enhance N-Removal Capacity and Reduce Turbidity and 
Dissolved P in Agricultural Streams. JAWRA Journal of the American 








Miller, M.P., McKnight, D.M., Chapra, S.C. & Williams, M.W. (2009). A model 
of degradation and production of three pools of dissolved organic matter in 
an alpine lake. Limnology and Oceanography, 54 (6), 2213–2227. 
https://doi.org/10.4319/lo.2009.54.6.2213 
Ohno, T. (2002). Response to Comment on “Fluorescence Inner-Filtering 
Correction for Determining the Humification Index of Dissolved Organic 
Matter” †. Environmental Science & Technology, 36 (19), 4196–4196. 
https://doi.org/10.1021/es020113d 
Ohte, N., Sebestyen, S.D., Shanley, J.B., Doctor, D.H., Kendall, C., Wankel, S.D. 
& Boyer, E.W. (2004). Tracing sources of nitrate in snowmelt runoff using 
a high-resolution isotopic technique. Geophysical Research Letters, 31 (21). 
https://doi.org/10.1029/2004GL020908 
Packman, J., Comings, K. & Booth, D. (1999). Using Turbidity to Determine Total 
Suspended Solids in Urbanizing Streams in the Puget Lowlands. 
Proceedings of Confronting Uncertainty: Managing Change in Water 
Resources and the Environment, Canadian Water Resources Association 
annual meeting, October 1 1999. 158–165. Vancouver, BC. 
http://hdl.handle.net/1773/16333 [2021-04-29] 
Passioura, J.B. (2002). Review: Environmental biology and crop improvement. 
Functional Plant Biology, 29 (5), 537. https://doi.org/10.1071/FP02020 
Peuravuori, J. & Pihlaja, K. (1997). Molecular size distribution and spectroscopic 
properties of aquatic humic substances. Analytica Chimica Acta, 337 (2), 
133–149. https://doi.org/10.1016/S0003-2670(96)00412-6 
Poirier, S.-C., Whalen, J.K. & Michaud, A.R. (2012). Bioavailable Phosphorus in 
Fine-Sized Sediments Transported from Agricultural Fields. Soil Science 
Society of America Journal, 76 (1), 258–267. 
https://doi.org/10.2136/sssaj2010.0441 
Powell, G.E., Ward, A.D., Mecklenburg, D.E. & Jayakaran, A.D. (2007). Two-
stage channel systems: Part 1, a practical approach for sizing agricultural 
ditches. Journal of Soil and Water Conservation, 62 (4), 277–286 
Powell, K.L. & Bouchard, V. (2010). Is denitrification enhanced by the 
development of natural fluvial morphology in agricultural headwater 
ditches? Journal of the North American Benthological Society, 29 (2), 761–
772. https://doi.org/10.1899/09-028.1 
QGIS.org (2021). Version: 3.10. English, QGIS Association. 
https://www.qgis.org/en/site/ 
Randall, G.W. & Mulla, D.J. (2001). Nitrate Nitrogen in Surface Waters as 
Influenced by Climatic Conditions and Agricultural Practices. Journal of 
Environmental Quality, 30 (2), 337–344. 
https://doi.org/10.2134/jeq2001.302337x 
Rehmann, C.R. & Soupir, M.L. (2009). Importance of interactions between the 
water column and the sediment for microbial concentrations in streams. 
Water Research, 43 (18), 4579–4589. 
https://doi.org/10.1016/j.watres.2009.06.049 
Ritzema, H.P., Kselik, R.A.L., Chanduvi, F. & Nations, F. and A.O. of the U. 
(1996). Drainage of Irrigated Lands: A Manual. Food & Agriculture Org. 
Roley, S.S., Tank, J.L., Stephen, M.L., Johnson, L.T., Beaulieu, J.J. & Witter, J.D. 
(2012). Floodplain restoration enhances denitrification and reach-scale 
nitrogen removal in an agricultural stream. Ecological Applications, 22 (1), 
281–297. https://doi.org/10.1890/11-0381.1 
Rügner, H., Schwientek, M., Beckingham, B., Kuch, B. & Grathwohl, P. (2013). 
Turbidity as a proxy for total suspended solids (TSS) and particle facilitated 








Schiechtl, H.M. (1985). FAO Watershed Management Field Manual: Vegetative 
and Soil Treatment Measures. Food & Agriculture Org. 
Schnitzer, M. & Monreal, C.M. (2011). Chapter Three - Quo Vadis Soil Organic 
Matter Research? A Biological Link to the Chemistry of Humification. In: 
Sparks, D.L. (ed.) Advances in Agronomy. Academic Press, 143–217. 
https://doi.org/10.1016/B978-0-12-386473-4.00003-8 
Sharpley, A.N. & Syers, J.K. (1979). Phosphorus inputs into a stream draining an 
agricultural watershed. Water, Air, and Soil Pollution, 11 (4), 417–428. 
https://doi.org/10.1007/BF00283433 
Simard, R.R., Beauchemin, S. & Haygarth, P.M. (2000). Potential for Preferential 
Pathways of Phosphorus Transport. Journal of Environmental Quality, 29 
(1), 97–105. https://doi.org/10.2134/jeq2000.00472425002900010012x 
Sims, J.T., Simard, R.R. & Joern, B.C. (1998). Phosphorus Loss in Agricultural 
Drainage: Historical Perspective and Current Research. Journal of 
Environmental Quality, 27 (2), 277–293. 
https://doi.org/10.2134/jeq1998.00472425002700020006x 
Skarbøvik, E. & Roseth, R. (2015). Use of sensor data for turbidity, pH and 
conductivity as an alternative to conventional water quality monitoring in 
four Norwegian case studies. Acta Agriculturae Scandinavica, Section B — 
Soil & Plant Science, 65 (1), 63–73. 
https://doi.org/10.1080/09064710.2014.966751 
Smil, V. (1999). Detonator of the population explosion. Nature, 400 (6743), 415–
415. https://doi.org/10.1038/22672 
Steckel, R. & White, W. (2012). Engines of Growth: Farm Tractors and Twentieth-
Century U.S. Economic Welfare. (w17879). Cambridge, MA: National 
Bureau of Economic Research. https://doi.org/10.3386/w17879 
Stedmon, C.A. & Markager, S. (2005). Resolving the variability in dissolved 
organic matter fluorescence in a temperate estuary and its catchment using 
PARAFAC analysis. Limnology and Oceanography, 50 (2), 686–697. 
https://doi.org/10.4319/lo.2005.50.2.0686 
Sweden, S. (2020). Use of fertilisers and animal manure in agriculture in 2018/19. 




Talabi, A.O. & Kayode, T.J. (2019). Groundwater Pollution and Remediation. 
Journal of Water Resource and Protection, 11 (01), 1–19. 
https://doi.org/10.4236/jwarp.2019.111001 
Tiefenbacher, A., Weigelhofer, G., Klik, A., Pucher, M., Santner, J., Wenzel, W., 
Eder, A. & Strauss, P. (2020). Short-Term Effects of Fertilization on 
Dissolved Organic Matter in Soil Leachate. Water, 12 (6), 1617. 
https://doi.org/10.3390/w12061617 
Turtola, E. & Paajanen, A. (1995). Influence of improved subsurface drainage on 
phosphorus losses and nitrogen leaching from a heavy clay soil. 
Agricultural Water Management, 28 (4), 295–310. 
https://doi.org/10.1016/0378-3774(95)01180-3 
Udeigwe, T., Wang, J. & Zhang, H. (2007). Predicting Runoff of Suspended Solids 
and Particulate Phosphorus for Selected Louisiana Soils Using Simple Soil 
Tests. Journal of environmental quality, 36, 1310–7. 
https://doi.org/10.2134/jeq2006.0314 
Ulen, B. (1995). Episodic precipitation and discharge events and their influence on 
losses of phosphorus and nitrogen from tile drained arable fields. Swedish 








Valipour, M. (2014). Drainage, waterlogging, and salinity. Archives of Agronomy 
and Soil Science, 60 (12), 1625–1640. 
https://doi.org/10.1080/03650340.2014.905676 
Valipour, M., Krasilnikof, J., Yannopoulos, S., Kumar, R., Deng, J., Roccaro, P., 
Mays, L., Grismer, M.E. & Angelakis, A.N. (2020). The Evolution of 
Agricultural Drainage from the Earliest Times to the Present. Sustainability, 
12 (1), 416. https://doi.org/10.3390/su12010416 
Verhoeven, J.T.A. & Setter, T.L. (2010). Agricultural use of wetlands: 
opportunities and limitations. Annals of Botany, 105 (1), 155–163. 
https://doi.org/10.1093/aob/mcp172 
Villa, A., Fölster, J. & Kyllmar, K. (2019). Determining suspended solids and total 
phosphorus from turbidity: comparison of high-frequency sampling with 
conventional monitoring methods. Environmental Monitoring and 
Assessment, 191 (10), 605. https://doi.org/10.1007/s10661-019-7775-7 
Wang, H., Shen, Z., Guo, X., Niu, J. & Kang, B. (2010). Ammonia adsorption and 
nitritation in sediments derived from the Three Gorges Reservoir, China. 
Environmental Earth Sciences, 60 (8), 1653–1660. 
https://doi.org/10.1007/s12665-009-0299-7 
Wang, M., Webber, M., Finlayson, B. & Barnett, J. (2008). Rural industries and 
water pollution in China. Journal of Environmental Management, 86 (4), 
648–659. https://doi.org/10.1016/j.jenvman.2006.12.019 
Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S., Fujii, R. & Mopper, 
K. (2003). Evaluation of Specific Ultraviolet Absorbance as an Indicator of 
the Chemical Composition and Reactivity of Dissolved Organic Carbon. 
Environmental Science & Technology, 37 (20), 4702–4708. 
https://doi.org/10.1021/es030360x 
Wesström, I., Messing, I., Linnér, H. & Lindström, J. (2001). Controlled drainage 
— effects on drain outflow and water quality. Agricultural Water 
Management, 47 (2), 85–100. https://doi.org/10.1016/S0378-
3774(00)00104-9 
Wilson, H.F. & Xenopoulos, M.A. (2009). Effects of agricultural land use on the 










I would like to start by thanking my supervisors Magdalena and Lukas for giving 
me a chance to be a part of the incredible experience with our ‘Super Water Group’. 
I would always be grateful to Magda for both the freedom to understand and execute 
the project in my own pace, but also the guidance whenever I got in way over my 
head. If I have understood a part of the huge and exciting world of spectrometry, I 
owe it to her and the thesis. I am also extremely thankful to Lukas for his help in 
field and lab, but especially in writing the report professionally and his knowledge 
in farming practices, which was very useful for me in both understanding and 
explaining my thesis. 
I would also like to sincerely thank my examiner Ingrid for taking so much time to 
give me specific comments on my report writing, which has been a separate journey 
for me. I would also like to thank the assistance from my thesis groupmates Côme, 
Emilien and Sheryl, all of whom were part of taking some of my measurements in 
the field.  
Additional thanks to my super-serious thesis group members and friends Karl 
and Sheryl, who were a part of my thesis from deciding the topic to making boxplots 
in colours that doesn’t distract the readers to pre-presentation tips to post-
presentation report scheduling. I owe you guys so much for finishing this on time!! 
This thesis also marks the end of my masters, the 2 unbelievable years that was 
part of the best years of my life, despite including a still-ongoing (as of this date) 
global pandemic. It would not do justice if I don’t thank my friends, who have ALL 
been subjected to a lecture in water quality at some point (many points) and yet 
chose to meet me on all occasions. Big thanks to mina kära vänner Nandita, Makoto, 
Veronika, Rebecca, Lovisa, Callum, Getch and Chini! 
I will end by thanking my parents, for giving me this second-chance at academics 
(still unbelievable!), sister and relatives, who have directly and indirectly helped 










Figure 31 GIS map showing the drains of SD2; SDup and SDdn points mark the beginning and 
end point of the SD (Source: QGIS 3.10.14) 
 
 
Figure 32 GIS map showing the drains of SD3; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 
(Source: QGIS 3.10.14) 
Appendix 1 Drain Locations and Mass 








Figure 33 GIS map showing the drains of SD4; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 
(Source: QGIS 3.10.14) 
 
 
Figure 34 GIS map showing the drains of SD5; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 









Figure 35 GIS map showing the drains of SD7; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 
(Source: QGIS 3.10.14) 
 
 
Figure 36 GIS map showing the drains of SD8; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 









Figure 37 GIS map showing the drains of SD9; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 
(Source: QGIS 3.10.14) 
 
 
Figure 38 GIS map showing the drains of SD10; SDup and SDdn points mark the beginning and 
end point of the SD; The drains/tributaries with high nutrient concentrations are marked with * 











Site Location NH4N 
(mgl-1) 
















22-03-2021 SD1 D1 0.03 2.54 0.003 0.04 0.25 0.01 0.63 0.001 0.01 
22-03-2021 SD1 T1 0.07 1.46 0.01 0.12 14.00 1.01 20.44 0.17 1.74 
22-03-2021 SD1 T2 0.02 0.86 0.02 0.06 0.10 0.0021 0.09 0.0021 0.01 
23-03-2021 SD3 D2 0.01 13.00 0.02 0.03 0.17 0.001 2.17 0.003 0.005 
23-03-2021 SD3 D3 0.01 3.50 0.38 0.46 0.17 0.002 0.58 0.06 0.08 
23-03-2021 SD5 D5 0.08 0.33 0.00 0.02 0.11 0.01 0.04 0.0 0.002 
23-03-2021 SD5 T2 0.01 1.33 0.003 0.01 2.00 0.01 2.66 0.01 0.02 
25-03-2021 SD7 D12 0.01 34.70 0.01 0.02 0.17 0.001 5.78 0.0 0.004 
25-03-2021 SD7 D16 0.02 30.50 0.00 0.02 0.11 0.002 3.45 0.0 0.002 
25-03-2021 SD8 D3 0.004 33.90 0.04 0.04 0.15 0.001 5.05 0.01 0.01 
25-03-2021 SD8 D6 0.003 28.10 0.03 0.03 0.25 0.001 6.96 0.01 0.01 
25-03-2021 SD8 D7 0.00 29.00 0.01 0.02 0.31 0.0 8.87 0.004 0.01 
23-03-2021 SD9 D7 0.04 22.90 0.01 0.02 0.21 0.01 4.86 0.002 0.004 
23-03-2021 SD9 T1 0.12 20.10 0.002 0.06 10.00 1.18 201.00 0.02 0.63 
26-03-2021 SD10 D7 0.19 13.30 0.01 0.04 0.18 0.04 2.45 0.002 0.01 
26-03-2021 SD10 D8 0.01 27.50 0.01 0.02 0.17 0.002 4.58 0.002 0.004 
22-03-2021 SD1 up 0.07 1.55 0.01 0.04 18.00 1.28 27.90 0.14 0.71 
22-03-2021 SD1 dn 0.14 1.68 0.01 0.14 33.00 4.65 55.44 0.20 4.72 
Table 12 Sample concentration and load values for some drains and tributaries obtained for all the SDs; Load values (mgs-1) were calculated using the concentration 







FI values (Figure 21) were the lowest in SD3 for the filtered samples taken in 
January with a mean of 1.4 (terrestrial source). For the other sites, the mean values 
in March and May were not significantly different with a mean value of 1.5 in SD1, 
1.6 in SDs 5,7,9, and 10 (terrestrial) and 1.8 in SD8 (microbial). 
 
Figure 39 FI for the filtered samples in January (grey, SD3), February (blue, SD1), March (green, 
All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as boxplots; The boxplot 
was drawn including the median value 
BIX values (Figure 22) for the filtered samples were not different compared to 
the unfiltered. The mean value for all the months was 0.6 in SDs 1, 3 and 10, 0.7 in 
SDs 5, 7, and 9 and 0.8 in SD8. The mean value were ranging from 0.6 in February  
(allochthonous sources) to 0.7 the rest of the months (mixed between allochthonous 
and autochthonous sources). 
 








Figure 40 BIX for the filtered samples in January (grey, SD3), February (blue, SD1), March 
(green, All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as boxplots; The 
boxplot was drawn including the median value 
HIX (Figure 23) for SD3 did not show as much variation as unfiltered samples 
with the values just ranging between 0.7 and 0.9. The mean HIX in all the other 
sites SDs 1, 5, 7, 8, 9, 10 in all the months for the filtered samples were close to 0.9 




Figure 41 Humification index for the filtered samples in January (grey, SD3), February (blue, 
SD1), March (green, All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as 
boxplots; The boxplot was drawn including the median value 
A254 (Figure 24) for both SD3 and SD1 (Mean of 0.3 and 0.5) reduced in 
comparison to unfiltered samples, suggesting less-aromatic compounds. The other 
sites SDs 5-10 had low values from March to May (Mean of 0.4 in SD10, 0.2 in 









Figure 42 A254 ratio for the filtered samples in January (grey, SD3), February (blue, SD1), 
March (green, All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as 
boxplots; The boxplot was drawn including the median value 
SR (Figure 27) followed a similar pattern to unfiltered samples. SDs 1, 3, 5, and 
8, showed high variation in March (ranged from 1.14 to 2.5). When compared 
between March and May, SDs 5, and 9 had an increase in SR (decrease in absorption 
at long wavelength: formation of smaller compounds). SDs 1, 3, 7, and 10 had a 
decrease in SR (formation of larger compounds). 
 
 
Figure 43 Spectral slope for the filtered samples in January (grey, SD3), February (blue, SD1), 
March (green, All SDs), April (yellow, SDs 1–5) and May (pink, All SDs) was expressed as 
boxplots; The boxplot was drawn including the median value 
E2:E3 ratio (Figure 44 and Figure 45) for the samples was shown separately for 
the months of January to April and May. The mean values for filtered samples were 
higher than unfiltered in all the months. Specifically, in May, the variation in SD3 
for the filtered samples was high (Ranged between 5.8 and 52.3). SD7 had the 









Figure 44 E2:E3 ratio for the filtered samples ratio for the unfiltered samples in January (grey, 
SD3), February (blue, SD1), March (green, All SDs), and April (yellow, SDs 1-5) was expressed 
as boxplots; The boxplot was drawn including the median value 
 
 
Figure 45 E2:E3 ratio for the filtered samples in May (SDs 1-5) was expressed as boxplots; The 
ratio for May was shown separately as it had an increased value and required a different scale 







The Pearson correlations for the nutrients with SS and DOM indices were 
calculated for all the SDs (Table 13-Table 18). 








SD1 UF FI -0.25 0.42 -0.15 -0.32 
BIX -0.18 0.35 -0.19 -0.35 
HIX -0.17 -0.37 0.24 -0.08 
A254 0.31 0.01 0 0.41 
E2:E3 0.06 -0.38 -0.23 -0.08 
SR -0.6 -0.27 -0.43 -0.63 
SS 0.59 0.37 0.17 0.42 
F FI -0.28 0.28 -0.17 -0.38 
BIX -0.31 0.18 -0.22 -0.43 
HIX 0.37 -0.05 0.12 0.34 
A254 0.11 -0.32 0.06 0.35 
E2_E3 0.1 0.21 -0.25 -0.11 
SR -0.42 -0.11 -0.31 -0.5 








SD3 UF FI -0.18 0.14 -0.2 -0.03 
BIX -0.12 0.08 -0.32 -0.01 
HIX 0 -0.08 -0.23 -0.75 
A254 0.05 0.05 0.38 0.89 
E2:E3 -0.03 0.08 -0.11 -0.15 
SR -0.08 -0.03 -0.32 -0.7 
SS 0.02 0.11 0.29 0.89 
Appendix 3 Correlation between SDs and 
DOM indices 
Table 13 Correlations made for unfiltered and filtered drain water samples in SD1; Significant 
correlations (p<0.05) was marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 
correlation and above 0.75 as strong correlation. 
Table 14 Correlations made for unfiltered and filtered drain water samples in SD3; Significant 
correlations (p<0.05) is marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 







F FI -0.17 0.05 -0.33 -0.44 
BIX -0.08 -0.01 -0.44 -0.53 
HIX 0.15 -0.05 0.36 0.39 
A254 0.07 -0.15 0.46 0.49 
E2_E3 -0.08 0.28 -0.15 0.01 








SD5 UF FI -0.02 -0.19 -0.58 -0.4 
BIX 0.09 -0.21 -0.56 -0.36 
HIX 0.13 -0.2 0.01 -0.26 
A254 -0.19 0.56 0.46 0.73 
E2:E3 -0.18 -0.26 -0.33 -0.24 
SR 0.16 -0.62 -0.17 -0.58 
SS -0.16 0.67 0.32 0.94 
F FI -0.28 -0.29 -0.57 -0.61 
BIX -0.1 -0.41 -0.64 -0.69 
HIX -0.19 0.64 0.69 0.77 
A254 0.07 0.46 0.52 0.75 
E2_E3 -0.13 -0.22 -0.4 -0.11 
SR 0.05 -0.83 -0.53 -0.87 








SD8 UF FI -0.86 -0.92 -0.85 -0.93 
BIX -0.99 -0.66 -0.99 -1 
HIX 0.97 0.36 0.97 0.92 
A254 0.94 0.27 0.94 0.87 
E2:E3 -0.96 -0.78 -0.96 -0.99 
SR 0.93 0.24 0.93 0.86 
SS 0.48 0.99 0.47 0.62 
F FI -0.25 -0.93 -0.24 -0.4 
BIX -0.99 -0.49 -0.99 -0.96 
HIX 0.98 0.42 0.99 0.94 
A254 0.87 0.1 0.88 0.78 
E2_E3 -0.85 -0.07 -0.86 -0.75 
SR 0.95 0.31 0.96 0.89 
Table 15 Correlations made for unfiltered and filtered drain water samples in SD5; Significant 
correlations (p<0.05) is marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 
correlation and above 0.75 as strong correlation. 
Table 16 Correlations made for unfiltered and filtered drain water samples in SD8; Significant 
correlations (p<0.05) is marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 















SD9 UF FI -0.76 -0.06 0.25 -0.99 
BIX -0.85 0.11 0.46 -0.89 
HIX -0.33 0.67 0.02 -0.35 
A254 0.85 -0.19 -0.39 0.88 
E2:E3 -0.63 -0.8 0.5 -0.39 
SR 0.36 -0.68 -0.11 0.3 
SS 0.73 -0.4 -0.43 0.57 
F FI -0.9 0.16 0.51 -0.84 
BIX -0.92 -0.11 0.58 -0.85 
HIX 0.72 0.55 -0.47 0.72 
A254 0.86 -0.16 -0.39 0.9 
E2_E3 -0.67 -0.78 0.52 -0.44 
SR 0.54 -0.62 -0.12 0.63 








SD10 UF FI 0.69 -0.43 -0.25 0.34 
BIX 0.61 -0.3 -0.31 0.21 
HIX -0.69 0.56 0.38 -0.23 
A254 -0.07 0.08 0.61 0.43 
E2:E3 -0.06 -0.52 0.25 0.03 
SR -0.3 0.18 0.55 0.14 
SS 0.53 -0.47 -0.49 0.03 
F FI 0.6 -0.28 -0.35 0.21 
BIX 0.6 -0.42 -0.31 0.2 
HIX -0.38 0.63 0.24 -0.03 
A254 -0.1 0.16 0.6 0.4 
E2_E3 -0.04 -0.53 0.18 -0.01 
SR -0.07 -0.02 0.42 0.25 
 
Table 17 Correlations made for unfiltered and filtered drain water samples in SD9; Significant 
correlations (p<0.05) is marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 
correlation and above 0.75 as strong correlation. 
Table 18 Correlations made for unfiltered and filtered drain water samples in SD10; Significant 
correlations (p<0.05) is marked in bold text; Provided there was significant correlation, the 
values up to 0.50 were taken as weak correlation, values between 0.50 and 0.75 as moderate 
correlation and above 0.75 as strong correlation. 
